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Preface 


The third edition of Histology for Pathologists builds on the 
tradition of its two predecessors as a text to bridge the gap 
between the histology of normality and pathology. Dr. Stephen S. 
Sternberg, who first recognized the need for this text, shepherded 
the first two editions through production, and made this work a 
a€cemust havea€* for practicing pathologists, has retired as 
editor. It is a great honor to replace him on the third edition and 
continue his legacy. 


It is axiomatic that in order to understand the abnormal, one must 
first have a clear understanding of the normal. Although normal 
histology appears static, at least when viewed over the life span of 
humans, our understanding of normality evolves at a considerably 
more rapid rate. Accordingly, the third edition is greatly revised 
and completely reorganized. Where appropriate, 
immunohistochemical features of normal tissues are presented, 
using the latest available markers. Several new chapter authors 
have been added and many new color illustrations are provided. 
Considerable effort has been expended to improve the illustrations 
held over from prior editions. At the time of the second edition, 
apoptosis was a relatively new discovery and merited a separate 
chapter. This now well-accepted concept is discussed in detail in 
individual chapters of the third edition. Although the text 
emphasizes normality, as in prior editions, prepathologic 
conditions are briefly considered in many chapters. More 
importantly, emphasis is placed on normal processes that may be 


confused with pathologic conditions. It is this pathologic 
perspective that sets Histology for Pathologists apart from 
standard histology texts written by anatomists. 


As in the prior two editions, our goal for the third edition remains 
to provide a text that both the neophyte pathology trainee and 
experienced anatomic pathologist will find of considerable value in 


their professional careers. 
Stacey E. Mills MD 
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Preface to the First Edition 


Histology textbooks exist in abundance. Some are classics of their 
kind and have gone through innumerable editions over many 
years. They have served pathologists well, for the most part, 
especially in terms of strict tissue and cell histology. There is, 
however, a borderline between histology and pathology in which 
information for the pathologist is often lacking. 


With this textbook we made an attempt to fill the gap. The 
Significance and function of many histological structures in terms 
of pathological interpretation is often absent or obscure. In 
particular, variations of the norm related to such variables as age, 
sex, and race are often not clarified in conventional textbooks. For 
example, the chapter on paraganglia notes that the connective 
tissue between the lobules in the carotid body increases with age. 
Another example related to age is in the pediatric kidney chapter, 
where it is noted that the glomeruli of fetuses are 
disproportionately large and are rarely seen in a state of 
histological a€oeimmaturity.a€* While the chapter on the 
myofibroblast details the location, staining, ultrastructure, and 
cytoskeletal protein composition of this unusual cell, we also learn 
of its importance in the desmoplastic reaction in cancerous tissue 
and, most importantly, that it is not found in carcinomas which are 
still in situ. 


Some gross observations occasionally will be found as _ lagniappe, 
such as the notation that in patients with congenital absence of a 


kidney, the ipsilateral adrenal will be round rather than angulated. 
Another example would be that there is a crease in the earlobe 
associated with coronary artery disease. 


Variations in staining reactions are considered, such as the failure 
of factor VIII to stain renal glomerular vessels. One finds that 
intestinal endocrine cells can be detected with hematoxylin and 
eosin (sic) stains by the infranuclear location of the granules. 
Uncommonly known fixation artifacts are uncovered; for example, 
the prickle-cell layer (with so-called intercellular bridges) is 
actually a retraction artifact of the plasma membranes with the 
desmosomes remaining relatively fixed. 


In most chapters, a€oceprepathologicala€* considerations are 
emphasized, while in others the developed pathological alterations 
related to the norm represent the major thrust of the chapter. 


Some comments will be perceived as gratuitous, such as the 
remark in the penis chapter to the effect that a€oethe prepuce 
could be a mistake of nature.a€* Furthermore, we learn that the 
a€cecollagen fibers are wavy in the flaccid state and become 
straight during erection.a€s 


The pathology neophyte as well as the many esteemed and 
experienced pathologists will find helpful information in this book. 
Stephen S. Sternberg MD 
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1 
Normal Skin 


Min Li 
Carlos D. Urmacher 


Introduction 


The skin accounts for about 15% of the total body weight and is 
the largest organ of the body. It is composed of three layers: (a) 
epidermis, (b) dermis and (c) the subcutaneous adipose tissue. 
Each component has its unique and complex structure and function 
(1,2,3), with variation according to age, gender, race, and 
anatomic location. Functions of the skin are extremely diverse. It 
serves aS a mechanical barrier against external physical, chemical, 
and biological noxious substances and as an immunologic organ. It 
participates in body temperature and electrolyte regulation. It is 
an important organ of sensuality and psychological well-being. In 
addition, it is a vehicle that expresses not only primary diseases of 
the skin, but also diseases of the internal organs. An 
understanding of the skin's normal histology is essential to the 
understanding of pathologic conditions. 


Embryology 


Epidermis 


Embryologically, the ectoderm gives rise to epidermis and its 
appendages. The mesoderm provides the mesenchymal elements 
of the dermis and subcutaneous fat (4,5). 


At first, the embryo is covered by a single layer of ectodermal 
cells. By the sixth to eighth week of development, it differentiates 
into two layers, the basal layer and an overlying second layer 
called periderm. The surface of the periderm is covered by 
microvilli and is in contact with the amniotic fluid. The mitotic 
activity of the basal layer predominates over that of the periderm, 
and soon the basal layer becomes the germinative layer. 
Additional rows of cells develop from this proliferating layer, 
forming a multilayer of cells between ectoderm and periderm (5). 
By the 


twenty-third week, keratinization has taken place in the upper 
stratum, and the cells of the periderm have already been shed 
(5,6,7). Interestingly, it has been demonstrated that many of the 
cell junction proteins are expressed in the early two-layered 
embryonic epidermis and as early as the eighth week of estimated 
gestational age (8). By the end of the first trimester, the dermal 
epidermal junction with its component is ultrastructually similar to 
that of mature skin (9). Thus, the characteristic neonatal 
epidermis is well developed by the fourth month. 


The majority of cells in the epidermis are keratinocytes (90 to 
95%). The rest of the epidermal cells are nonkeratinocytes (5 to 
10%), and they include melanocytes, Langerhans cells, and Merkel 
cells. The nonkeratinocytes are seen in the epidermis of 8- tol0- 
week-old embryos. The precursor cells of melanocytes migrate 
from the neural crest to the dermis and then to the epidermis, 
where they differentiate into melanocytes during the first three 
months of development. During this migration, melanocytes can 
reside in other organs and tissue. Ultrastructually, recognizable 
melanosomes in melanocytes may be seen in the fetal epidermis at 
8 tol0 weeks of gestational age (10). 


Langerhans cells are derived from the CD34+ hematopoietic 
precursor cell of the bone marrow. The characteristic cytoplasmic 
marker, the Birbeck granule, is seen ultrastructurally in 10-week- 
old embryos (11). The expression of a more characteristic 
immunohistochemical marker, CDla is completed by 12 to 13 
weeks of estimated gestational age (12,13). 


Merkel cells can also be seen in the epidermis of 8- to 10-week-old 
embryos. The origin of Merkel cells is debatable. Some have 
suggested a neural crest derivation (14), whereas others suggest 
epidermal origin through a process of differentiation from 
neighboring keratinocytes (15,16,17,18). Merkel cells in the 
epidermis are initially numerous and later diminish with increasing 
gestational age, which suggests their role in growth and 
development (19). 


Dermis 


The dermis is derived from the primitive mesenchyme underlying 
the surface ectoderm. The papillary and reticular dermis is 
recognized by 15 weeks of intrauterine life (20,21). 


As described by Breathnach (20), three types of cells are 
recognized in 6- to 14-week old embryos. Type | cells are stellate- 
dendritic cells with long slender processes. These are the most 
numerous primitive mesenchymal cells and probably give rise to 
the endothelial cells and the pericytes. Type II cells have less 
extensive cell processes; the nucleus is round, and the cytoplasm 
contains large vacuoles. They are classified as phagocytic 
macrophages of yolk-sac origin. Type III cells are round with little 
or no membrane extension, but they contain numerous vesicles, 
some with an internal content suggestive of granule-secretory type 
of cells. These cells could be melanoblasts on their way to the 
epidermis, or they could be precursors of mast cells; Schwann 
cells associated with neuroaxons, but lacking basal lamina, are 


also identified during this period. 


The type Il mesenchymal cells are rarely seen after week 14 of 
development. However, another cell type with ultrastructure of 
histiocyte or macrophage is frequently seen during this time. Well- 
formed mast cells are also seen in the dermis. 


In 14 to 21 weeks of development, fibroblasts are numerous and 
active. Fibroblasts are recognized as elongated spindle cells with 
abundant rough endoplasmic reticulum. They are the fundamental 
cell of the dermis and synthesize all types of fibers and ground 
substance (1). Type III collagen fibers are abundantly present in 
the matrix of fetus, whereas type | collagen fibers are more 
prominent in adult skin (21). Elastic fibers appear in the dermis 
after the collagen fiber during the twenty-second week of 
gestational age; and, by week 32, a well-developed network of 
elastic fiber is formed in the dermis (5). 


Initially, the dermis is organized into somites, but soon this 
segmental organization ends and the dermis of the head and neck 
and extremities organizes into dermatomes along the segmental 
nerves that are being formed (22). From the twenty-fourth week 
to term, fat cells develop in the subcutaneous tissue from the 
primitive mesenchymal cells. 


Epithelial Skin Appendages 


Most epithelial cells of skin appendages derive from follicular 
epithelial stem cells localized in the basal layer of epidermis at the 
prominent bulge region of the developing human fetal hair 
follicles. Furthermore, such multipotent stem cells may represent 
the ultimate epidermal stem cell (23). In 10-week-old embryos, a 
group of mesenchymal cells of the developing dermis aggregate 
beneath a budding group of tightly packed basal cells (24). These 
epidermal cells grow both downward to the dermis and upward 
through the epidermis to form the opening of the hair canal. As 


the growing epithelial cells reach the subcutaneous fat, the lower 
portion becomes bulbous and partially encloses the mesenchymal 
cells, descending with them to form the dermal papillae of the hair 
follicle. The descending epidermal cells around the dermal papillae 
constitute the matrix cells from which the hair layers and inner 
root sheath will develop. The outer root sheath derives from 
downward growth of the epidermis. The first hairs appear by the 
end of the third gestational month as lanugo hair around the 
eyebrow and the upper lip. The lanugo hair is shed around the 
time of birth. The developing hair follicle gives rise to the 
sebaceous and apocrine glands. 


The sebaceous glands originate as epithelial buds from the outer 
root sheath of the hair follicles and are 
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developed at approximately the thirteenth to fifteenth gestational 
week (25). Differentiated sebaceous gland with a hair protruding 
through the skin surface are present at the eighteenth week of 
gestational age (26). They respond to maternal hormones and are 
well developed at the time of birth. 


The apocrine glands also develop as epithelial buds from the outer 
sheath of the hair follicles in 5- to 6-month-old fetuses (22,24) 
and continue into late embryonic life as long as new hair follicles 
develop. 


The eccrine glands develop from the fetal epidermis independent 
of the hair follicles (22). Initially, they are seen as regularly 
spaced undulations of the basal layer. At 14 to 15 weeks, the tips 
of the primordial eccrine glands have reached the deep dermis, 
forming the eccrine coils (27). At the same time, the eccrine 
epithelium grows upward into the epidermis. The primordial 
eccrine epithelium acquires a lumen by the seventh to eighth fetal 
month, and thus the first eccrine unit is formed. Both ducts and 
secretory portions are lined by two layers of cells. The two layers 
in the secretory segment undergo further differentiation; the 


luminal cells into tall columnar secretory cells, and the basal layer 
into secretory cells or myoepithelial cells (5). The first glands are 
formed on the palms and soles by the fourth month, then in the 
axillae in the fifth month, and finally on the rest of the hairy skin 
(28). 


Physiology 


Epidermis 


The skin not only serves as a physical barrier between internal 
organs and the environment, but also functions as an active 
immune organ (29). Langerhans cells, the antigen-presenting cells 
of the epidermis, function as immunologic cells by recognizing 
antigens on the skin and presenting them to naive T lymphocytes. 
They become mature after contact with the antigen (30). 
Melanocytes produce melanin from the substrate tyrosine, using 
tyrosinase, and store it in melanosomes. Mature melanosomes are 
then transported to adjacent keratinocytes, where they provide 
protection against the harmful effects of solar radiation. 


The keratinocytes are responsible for the process of keratinization. 
The formation of keratin filaments, in association with 
desmosomes, hemidesmosomes, and the basement membrane 
provides the structural integrity of the epidermis (31). 
Keratinocytes produce immunologic molecules, such as 
interleukins, interferons, and growth factors (32). It is recognized 
that the epidermal keratinocytes have immune properties. 


Different types of keratin intermediate filaments are expressed in 
fetal and adult skin, and this process is, in part, regulated by 
apoptosis. 


Apoptosis 


Apoptosis, or programmed cell death, is the mechanism by which 


cells are deleted in normal tissue (33) and is the process 
responsible in establishing the final normal architecture of adult 
Skin (34). 


Terminal differentiation of the epidermis into a stratified squamous 
layer can be considered a specialized form of apoptosis (34). 
Apoptosis also participates in the cycling of the hair follicle 
(35,36,37) and is the principal mechanism by which catagen hair is 
formed (38,39,40). The bcl-2 proto-oncogen is a protein that 
blocks apoptosis and is expressed in basal cell keratinocytes and 
in the dermal papillae, protecting the latter from apoptosis (38). 


Apoptosis affects individual cellsa€”not groups of cells, as in 
necrosis (33). The basic morphologic changes include 
fragmentation of the nucleus, chromatin compaction, and budding 
of the cells to produce membrane-bound apoptotic bodies, which 
are ingested by neighboring cells. No inflammation is seen with 
the process of apoptosis (33). 


By light microscopy, apoptotic cells are seen as isolated cells with 
bright eosinophilic cytoplasms and dark, pyknotic and fragmented 
nuclei (Figure 1.1). 


In routine hematoxylin-eosin (H&E)a€“stained sections, apoptotic 
bodies are seen in a large variety of inflammatory and neoplastic 
diseases, such as _ graft-versus-host disease, lichen planus, 
erythema multiforme, squamous carcinoma, and malignant 
melanoma. 


Recent study suggests that the mitogen-activated protein kinase 
signal transduction pathways are important in regulating the 
balance between keratinocyte cell proliferation, survival, 
apoptosis, and cell differentiation. Furthermore, it is suggested 
that extracellular regulated kinases induce keratinocyte 
proliferation and survival, whereas p38 


mitogen-activated protein kinase promote differentiation and 


apoptosis (41). 


Figure 1.1 Apoptotic cell in a case of erythema multiforme. 
Note the eosinophilic cytoplasm and condensed nucleus. 


Dermis 


The dermis iS a supportive, connective tissue composed of cells, 
fibrous molecules, and ground substance (1). The mesenchymal 
component of dense fibrous connective tissue provides the 
mechanical support, rigidity, and thickness to the skin. 
Collagenous and elastic fibers are closely associated with each 
other in the dermis. Collagen presumably provides the skin with 
tensile strength, whereas elastin posseses the retractile properties 
of the skin (42). The dermis also has immunologic functions 
because it contains dendritic cells, lymphocytes, other migrant 
leukocytes, mast cells, and tissue macrophages. Mast cells react to 


inflammatory process and also participate in wound healing. 


Except for the epidermis, the skin is rich in a vascular network. In 
addition to providing nutrients to the skin, blood vessels are 
involved in thermal regulation, wound healing, immune response, 
and control of blood pressure. The lymphatic system is important 
in regulating the pressure of interstitial fluid (1). 


The skin is supplied with autonomic nerves and sensory nerves. 
Small and large nerve plexuses participate in the innervations, 
which are responsible for the detection of touch, pressure, 
vibration, pain, temperature, and itching, as well as sweat 
secretion and piloerection. 


Eccrine and Apocrine Glands 


The most important function of the eccrine glands is in the 
processes of thermoregulation and electrolytic balance (43). The 
eccrine glands are the true sweat glands, and their function begins 
in the neonatal period. Eccrine glands produce colorless and 
odorless hypotonic sweat composed of predominantly water and 
the same electrolytes that are present in the plasma. There are 
two types of secretory cells, clear and dark cells. The clear cells of 
the eccrine coil, responding predominantly to cholinergic stimuli, 
and to a lesser degree to sympathetic stimulation (44,45,46), 
produce an isotonic sweat. When it reaches the duct, sodium and 
chloride ions are reabsorbed, delivering a hypotonic solution to the 
surface. The function of the dark cells is still not known with 
certainty. It has been suggested that they permit reabsorption of 
sodium, potassium, and chloride (24) and may secrete sialomucin 
(47) to the sweat. 


In addition, the eccrine duct has the important function of 
delivering parenteral or orally administered drugs to the surface of 
the skin (48). Ductal epithelium also participates in the process of 
wound healing (22). 


The major function of the myoepithelial cells is mechanical support 
against a high hydrostatic pressure. The contraction of 
myoepithelial cells aids in delivery of sweat to the skin surface 
(49). 


The exact role of apocrine glands and the mechanisms regulating 
apocrine secretory process in humans are still under investigation. 
Apocrine glands might also play a role in thermal regulation 
(50,51). In nonhuman mammals, apocrine glands are found over 
the entire skin surface; they are believed to serve as identifying or 
sexual organs (24). Apocrine secretion has a milky color and is 
sterile and odorless; however, when it reaches the surface of the 
Skin, the action of regional microorganisms on the apocrine 
secretion makes it odorous (24). The most abundant odor 
component, known to be E-3-methyl-2-hexanoic acid (E-3M2H), is 
liberated from nonodorous apocrine secretion by microorganisms 
(52). 


Alteration in the rate and amount of sweat secretion manifests as 
anhidrosis, hypohidrosis, and hyperhidrosis (53,54). Cystic fibrosis 
(44,49) is the disorder with alterations in the electrolyte 
composition of eccrine sweat. Few morphologic changes are seen 
in association with these diseases. 


Light Microscopy 


Epidermis 


The epidermis is a stratified keratinizing squamous epithelium that 
dynamically renews itself but maintains its normal thickness by the 
process of desquamation. The cells in the epidermis include: (a) 
keratinocytes, (b) melanocytes, (c) Langerhans cells, and (d) 
Merkel cells. In addition, the epidermis contains the openings for 
the eccrine ducts (acrosyringium) and hair follicles. Recent 
immunohistochemical studies have demonstrated that the 


epidermis contains free nerve axons in association with 
Langerhans cells (55). 


Keratinocytes 


The keratinocytes of the epidermis are stratified into four orderly 
layers from bottom to top: (a) the basal layer (stratum basalis, 
germinativum); (b) the squamous layer (prickle cell layer, or 
stratum spinosum); (c) the granular layer (stratum granulosum); 
(d) the cornified, or horny, layer (stratum corneum) (Figure 1.2). 
In histologic sections, the dermoepidermal junction has an 
irregular contour because of the upward extension of the papillary 
dermis to form the dermal papillae. The portion on the epidermis 
separating the dermal papillae are the rete ridges (Figure 1.3). 


The Basal Layer 


Basal cells are the mitotically active cells that give rise to the 
other keratinocytes. In histologic sections, basal cells are seen as 
a single layer of cells above the basement membrane that show 
some variation in size, shape, and melanin 


content. Basal cells are columnar or cuboidal, with a basophilic 
cytoplasm. The nucleus is round or oval, with coarse chromatin 
and indistinct nucleolus. Basal cells contain melanin in their 
cytoplasm as a result of pigment transfer from neighboring 
melanocytes. Basal cells are connected to each other and to 
keratinocytes by specialized regions (known as desmosomes) 
located in the plasma cell membranes. They are aligned 
perpendicular to the subepidermal basement membrane and 
attached to it by modified desmosomes, hemidesmosomes (1). 
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Figure 1.2 Electron micrograph of normal epidermis and 
portion of papillary dermis (A—2,100). (1, papillary dermis; 2, 
basal cells; 3, Squamous layer; 4, granular layer; 5, cornified 
layer) 


Dermatitis involving the basal layer produces vacuolar alteration 
the basal cells, which may progress to the formation of 
subepidermal vesicles as seen in diseases such as _ graft-versus- 
host disease, lupus erythematosus, and erythema multiforme. 


of 


Figure 1.3 Normal skin showing stratified epidermis with rete 
ridges, papillary dermis and reticular dermis (H&E). 


The Squamous Layer 


The squamous layers are composed of approximately five to ten 
layers of cells with keratinocytes larger than the basal cells. The 
Suprabasal keratinocytes are polyhedral, have a somewhat 
basophilic cytoplasm, and with a round nucleus. Again, melanin is 
seen scattered in many of these keratinocytes, where it provides 
protection from the damaging effect of ultraviolet light. The more 
superficial cells are larger, flattened, eosinophilic, and oriented 
parallel to the surface. The keratinocytes contain one or two 
conspicuous nucleoli and tonofilaments within the cytoplasm. 


The squamous layer is also called the spinous or prickle cell layer 
because of the characteristic appearance by light microscopy of 


short projections extending from cell to cell. These projections are 
the result of retraction of the plasma membrane during tissue 
processing whereas the desmosomes remain relatively fixed and 
correlate with intercellular bridges. 


Desmosomes are composed of a variety of polypeptides; 
desmogleins and desmocollins as transmembrane constituents and 
the desmoplakin, plakoglobin and plakophilin as cytoplasmic 
components (5). In addition, other intercellular junctions (such as 
gap junctions and adherens junctions) are distinct from 
desmosomes in composition and distribution and provide 
alternative cell-to-cell adhesion mechanisms (56). An_ intercellular 
Space of constant dimension (57) is present between each cell; 
acid and neutral mucopolysaccharides are present in the 
intercellular spaces as indicated by special stains (5). The 
pemphigus antigens are localized in the cell membranes (58) or in 
the 


desmosomes of these cells (59). Antibodies to desmosomal 
proteins are used as additional markers for the study of neoplasm 
(60). 


It is important to recognize that occasionally cells with clear or 
pale cytoplasms are seen in the squamous layer. These cells must 
be distinguished from the neoplastic cells of Paget's disease. 
Benign clear cells have a pyknotic nucleus surrounded by a clear 
halo and a narrow rim of clear cytoplasm (Figure 1.4). They lack 
the pleiomorphism, nuclear morphology, and intensity of the 
chromatin staining seen in Paget's cells (Figure 1.5). These benign 
clear cells are often seen in the epidermis of the nipple, the 
accessory nipple (61,62), and the pubic regions or in the milk line 
distribution (63). In the nipple, these clear cells, also called Toker 
cells, have been considered to be nonneoplastic mammary 
elements (61), although some authors hypothesized that these 
cells might be the precursors of mammary or extramammary 
Paget's diseases (62,64). Those outside of the nipple are 
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considered to be the result of either abnormal keratinization or 

aberrant derivatives of eccrine or apocrine sweat gland epithelial 
cells (65,66,67). They may present as hypopigmented macules or 
papules in a rare disorder called clear cell papulosis (63,67). The 
immunohistochemical and mucin staining pattern of benign clear 
cells may resemble that of Paget's cells. Therefore, they must be 
distinguished on a morphologic basis from the neoplastic cells. 


Common inflammatory changes seen in the squamous layer are: 
(a) spongiosisa€”intercellular edema (e.g., allergic contact 
dermatitis); (b) acanthosisa€”thickening of the epidermis (e.g., 
psoriasis); (c) atrophya€”thinning of the epidermis (e.g., discoid 
lupus erythematosus); (d) acantholysisa€”detachment of 
keratinocytes because of changes involving intercellular junctions 
(e.g., pemphigus); and (e) dyskeratosisa€”abnormal keratinization 
(e.g., Squamous carcinoma). 


1.4 Clear cells of the nipple epidermis. 


Figure 


Figure 1.5 Paget's cells in extramammary Paget's disease. 


The Granular Layer 


The granular layer is composed of one to three layers of flattened 
cells lying parallel to the skin surface. The cytoplasm contains 
intensely basophilic-stained granules known as the keratohyalin 
granules. In contrast, trichohyalin granules (produced by the inner 
root sheath of hair follicles) are stained red on routine H&E- 
stained sections. The keratohyalin granules are histidine-rich and 
are the precursors to the protein flaggrin, which promotes 
aggregation of keratin filaments in the cornified layer. The 
granular layer is rich in lysosomal enzyme, which is crucial for the 
autolytic changes in the granular layer (68). The increase (e.g., 
lichen planus) and decrease (e.g., psoriasis) in the thickness of 
the granular layer can be used as a clue in the diagnosis of 
different pathologic entities. 


Keratinocytes located between the squamous layer and the 
granular layer contain small membrane-coating granules known as 
lamellar granules (also called Odland bodies or keratosomes. They 
are composed of the acid hydrolase and of neutral sugars 
conjugated with proteins and lipids. These granules are present 
both intra- and extracellularly, are approximately 300 nm in 
diameter, and are not visible by light microscopy. Their functions 
are to provide epidermal lipids, increase the barrier property of 
the cornified layer against water loss, and aid in the desquamation 
process. This interface between the squamous and granular layer 
is also the site of synthesis and storage of cholesterol (57,69). 


Figure 1.6 Basket-weave pattern of the cornified layer (also 
in Figure 1.3). 


The Cornified Layer 
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The cornified layer is composed of multiple layers of polyhedral 
eosinophilic keratinocytes that lack a nucleus and cytoplasmic 
organelles. These cells are the most differentiated cells of the 
keratinization system. They are composed entirely of high- 
molecular weight keratin filaments. In formalin-fixed section, the 
cornified layers are arranged in a basket-weave pattern (Figure 
1.6). These cells eventually shed from the surface of the skin. The 
process of keratinization takes 20 to 45 days. 


In histologic sections taken from the skin of the palms and soles, a 
homogenous eosinophilic zone, known as the stratum lucidum is 
present in the lowest portion of the cornified layer (above the 
granular layer). This additional layer is rich in protein-bound lipids 
contained in the lamellar granules (5), energetic enzymes and SH 
groups secreted by the granular cells in molecular structure (70). 


Common abnormalities of the cornified layer are: (a) 
hyperkeratosisa€”increased thickness in the cornified layer (e.g., 
ichythyosis); (b) parakeratosisa€”presence of nuclei in the 
cornified layer (as usually seen in actinic keratosis); and (c) 
presence of fungal organisms (superficial dermatophytosis). 


Basement Membrane Zone 


The basement membrane zone separates the epidermal basal layer 
from the dermis. It is seen by light microscopy as a continuous, 
undulating and thin periodic acid-Schiff (PAS)-stained layer (Figure 
1.7). By electron microscopy, the basal cells are attached to the 
basal lamina by hemidesmosomes (57). Ultrastructurally, the 
basement membrane zone is composed of four distinct structures, 
from top to bottom (Figure 1.8) (57,71): 


e The plasma membrane of the basal cells containing the 
hemidesmosomes. Bullous pemphigoid antigen 1 is localized in 
the intracellular component of hemidesmosomes. 


Figure 1.7 PAS-positive basement membrane. 


ə The lamina lucida, an electron-lucent area with anchoring 
filaments containing various laminin isoforms (1,72). Bullous 
pemphigoid antigen 2 (type XVII collagen) is associated with 
the transmembrane component of hemidesmosome-anchoring 
filament complexes in 
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the lamina lucida. It is also the site of the blister in dermatitis 
herpetiformis (73). 


Figure 1.8 Ultrastructure of basement membrane 
(A—37,800). (1, hemidesmosome; 2, lamina lucida; 3, 
lamina densa; 4, lamina reticularis; 5, melanin; 6, 
tonofilaments) 


Figure 1.9 Melanocytes in the basal layer, composed of 
ovoid nuclei within a clear space. 


ə The lamina densa, an electron-dense area composed of mainly 
type IV collagen. 


e The sublamina densa zone, or pars fibroreticularis, contains 
mainly the anchoring fibrils (74) (type VII collagen) that attach 
the basal lamina to the connective tissue of the dermis. 
Antibodies against epidermolysis bullosa aquisita react with 
the carboxy terminus of type VII collagen (75,76). 


Inflammatory conditions of the basement membrane can be seen 
by light microscopy as thickening (e.g., discoid lupus 
erythematosus) or by the formation of subepidermal vesicles (e.g., 
bullous pemphigoid). 


Melanocytes 


Melanocytes are dendritic cells that derive from the neural crest. 
During migration from the neural crest, melanocytes may localize 


in other epithelia. In the epidermis, the melanocytes are localized 
in the basal layer, and their dendritic processes extend in all 
directions. The dendritic nature of normal melanocytes is usually 
not seen in routine H&E-stained sections. In H&E preparations, 
melanocytes are composed of elongated or ovoid nuclei 
surrounded by a clear space (Figure 1.9). They are usually smaller 
than the neighboring basal keratinocytes. Melanocytes do not 
contain tonofilaments and do not attach to basal cells with 
desmosomes (5,77). However, anchoring filaments extend from 
the plasma membrane of these melanocytes to the basal lamina. 
Laminin-5, a component of anchoring filaments, may be a ligand 
for melanocyte attachment to the basement membrane in vivo 
(78). In addition, melanocytes that are close to the basal lamina 
have structures resembling hemidesmosomes of basal 
keratinocytes (79). 


Melanocytes produce and secrete melanin. Melanin can be red 
(pheomelanin) or yellow-black (eumelanin) (80,81). The most 
important function of melanin is to protect against the injurious 
effects of non-ionizing ultraviolet irradiation. 


Melanin is formed through a complex metabolic process in which 
tyrosinase is the main catabolic enzyme, using tyrosine as 
substrate. The synthesis of melanin takes place in melanosomes, 
lysosome-related organelles. In the early stages of development, 
melanosomes are membrane-limited vesicles, located in the Golgi- 
associated endoplasmic reticulum. The maturation of melanosomes 
undergoes four stages. Stage | melanosomes are round without 
melanin. These are seen in balloon cell melanoma. Stage Ill 
through stage IV melanosomes are ellipsoidal with numerous 
longitudinal filaments (5). Melanin deposits start at stage II. In 
stage Ill, melanin deposits are prominent. Stage IV melanosomes 
are fully-packed, with melanin obscuring the internal structures. 


The developing melanosomes, with their content of melanin, are 
transferred to the neighboring basal keratinocytes and hair 


follicular cells. The mechanism of melanin transfer is a complex 
process (82,83), with the end result being phagocytosis of the tip 
of melanocytic dendrites by the keratinocytes (Figure 1.10) ina 
process called pigment donation (84). The da€ceepidermal melanin 
unita€* refers to one melanocyte with associated 36 keratinocytes 
to which the melanocytes deliver melanosomes (1). 


The number of melanocytes in normal skin is constant in all races, 
the ratio being one melanocyte for every 4 to 10 basal 
keratinocytes (77,80). Thus, the color of the skin is determined by 
the number and size of melanosomes present both in keratinocytes 
and melanocytesa€”and not by the number of melanocytes. The 
number of melanocytes decreases with age. As a result, the 
availability of melanin to keratinocytes diminishes, so the skin 
becomes lighter in color and the incidence of skin cancer 
increases. 


Melanin is both argentaffin and argyrophilic. It can be recognized 
by Fontana-Masson silver stains. In addition, 


melanocytes and their dendritic processes are identified by the 
dopa reaction in histologic slides prepared from frozen sections 
and in paraffin-embedded sections with immunohistochemical 
stains with S-100 protein. The latter is highly sensitive but not 
specific for cells of melanocytic lineage. The S-100 protein can be 
detected in various types of cells, such as Langerhans cells, 
schwann cells, eccrine, and apocrine gland cells. Melanocytes can 
also be identified with monoclonal antibodies to Melan A/MART-1 
(Melanoma Antigens Recognized by T cells-1), a melanocytic 
differentiation marker. The MART-1 antigen is expressed in normal 
melanocytes, common nevi, Spitz nevi, and malignant melanoma 
(5). Under normal conditions, the melanoma-associated antigen 
HMB-45 does not react with adult melanocytes (85). It is 
expressed in embryonic melanocytes, hair bulb melanocytes and 
activated melanocytes (86). It is usually seen reacting with most 
melanoma cells, Spitz nevi, the junctional component of common 
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nevi, and dysplastic nevi. 


Figure 1.10 Electron micrograph showing membrane-bound 
phagocytized melanin in keratinocyte (A—19,200). 


A decrease or absent number of melanocytes is seen in vitiligo. In 
albinism, there is a defect in the synthesis of melanin, but the 
number of melanocytes is normal in a skin biopsy. Melanocytic 
hyperplasia is seen in lentigo, benign and malignant melanocytic 
neoplasm, and as a reaction pattern in a variety of neoplastic and 
nonneoplastic conditions (e.g., dermatofibroma). In a freckle, 
there is an increase in pigment donation to adjacent keratinocytes 
rather than melanocytic hyperplasia (84). 


Langerhans Cells (LCs) 


Langerhans cells (LCs), discovered by Paul Langerhans in 1868, 


are mobile, dendritic, antigen-presenting cells present in all 
Stratified epithelium and predominantly in the mid to upper part of 
the squamous layer. In H&E-stained sections, LCs can be 
suggested as they appear to lie within lacunae having darkly 
stained nuclei with indented, reniform shape at high magnification 
(Figure 1.11). As with melanocytes, their dendritic nature cannot 
be seen in routine sections. Langerhans cells can be recognized by 
histoenzymatic stains for adenosine triphosphatase (ATPase); they 
can also be detected in formalin-fixed, paraffin-embedded tissue 
using immunoreactivity for S-100 protein and, more specifically, 
the antibody to the CDla antigen (Figure 1.12). With 
histoenzymatic and immunohistochemical stains, the extensive 
dendritic nature of LCs becomes evident. 


By electron microscopy, LCs show no desmosomes, tonofilaments, 
or melanosomes. They contain small vesicles, multivesicular 
bodies, lysosomes, and the characteristic Birbeck granule (Figure 
1.13) (87), a rod-shape organelle varying in size from 100 nm tol 
Aum (88). It has a centrally striated density and an occasional 
bulb at one end with a unique tennis racquet appearance. Their 
function is still undetermined. Langerin is a protein implicated in 
Birbeck granule biogenesis and represents a key molecule to trace 
LCs and study their function (89,90). 


Figure 1.11 H&E section of possible Langerhans cells 
composed of elongated nuclei surrounded by a clear space in 
the mid-epidermis. 


Langerhans cells are also present in epithelia, lymphoid organs, 
and dermis and are increased in the skin in a variety of 
inflammatory conditions, such as contact dermatitis, where they 
can be seen as minute nodular aggregates in the epidermis. 
Langerhans' cell granulomatosis is a reactive lesion most 
commonly seen in bones but also appearing at other sites. 


Merkel Cells (MCs) 


Merkel cells (MCs), first described by F.S. Merkel in 1875, are 
scattered and irregularly distributed in the basal cell layer in the 
epidermis. They may group together in clusters coupled with 
enlarged terminal sensory nerve fibers to form slowly adapting 
mechanoreceptors; within the epidermis, they mediate tactile 
sensation (91,92,93). They are 
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located in higher concentration in the glabrous skin of the digits, 
lips, and oral cavity (9), in the outer root sheath of hair follicles 
(94), and in the tactile hair disks (95). 


Figure 1.12 CDla-specific reaction of Langerhans cells. Note 
the dendritic processes. 


Merkel cells are not recognized in routine histologic preparations. 
Electron microscopy and immunostaining are required for their 
identification. By electron microscopy, MCs are attached to 
adjacent keratinocytes by desmosomes. They have scant 
cytoplasms, invaginated nuclei, a parallel array of cytokeratin 
filaments in the paranuclear zone, and the characteristic 
membrane-bound dense core granules that are often, but not 
always, related to unmyelinated neurites. 


By immunostaining techniques, normal and neoplastic MCs may 
express neuron-specific enolase, chromogranin, synaptophysin, 
neural cell adhesion molecule, and various neuropeptides and 
other substances (96,97,98). However, the expression of these 
substances in MCs is heterogenous and variable. The constant 


pattern seen in MCs is the presence of paranuclear aggregates of 
cytokeratins (16,98,99), which include low-molecular weight 
keratins 8, 18, 19, and 20. The most specific cytokeratin is CK20 
because, in addition to MCs, they are expressed in simple 
epithelial cells and not in adjacent keratinocytes (100,101) (Figure 
1.14). 


Pilar Unit 


The pilar unit is composed of the hair follicle, sebaceous gland, 
arrector pili muscle, and (when present) eccrine gland and 
apocrine gland. 
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Figure 1.13 Electron micrograph of a Langerhans cell 
containing Birbeck granules (arrows) and multisegmented 
nucleus (A—8,000). 


| Gig 
ee ty 
3 G OOO Ge te)" 
-O , PRT Q% all = 
(on %o Oso +022 
Ale sge @ 
, t ~e * 
p% 
D 
- 


Figure 1.14 Cytokeratin-20 staining a Merkel cell in the basal 
layer of the epidermis. 


Hair Follicle 


The hair follicle is divided into three segments from top to bottom: 
(a) the infundibulum, which extends from the opening of the hair 
follicle in the epidermis to the opening of the sebaceous duct; (b) 
the isthmus, which extends from the opening of the sebaceous 
duct to the insertion of the arrector pili muscle; and (c) the 
inferior segment, which extends to the base of the follicle. The 
inferior segment is bulbous and encloses a vascularized component 


of the dermis referred to as follicular (dermal) papilla of the hair 
follicle (Figure 1.15). 


The microanatomy and function of the hair follicle is very complex. 
The cells of the hair matrix differentiate along six cell linings. 
Beginning from the innermost layer, they are: (a) the hair 
medulla; (b) hair cortex; (c) hair cuticle; and (d) three concentric 
layers of the inner root sheath, which are the cuticle of the inner 
root sheath, Hexley's layer, and Henle's layer. 


The inner root sheath of the hair follicle is surrounded by the outer 
root sheath (Figure 1.16), which is composed of clear cells. These 
glycogen-rich cells are seen in some of the neoplasm with hair 
follicular differentiation (e.g., trichilemmoma). A PAS-positive 
basement membrane separates the outer root sheath from the 
Surrounding connective tissue. Thus, the hair shaft is formed from 
the bulb region that occupies the hair follicular canal. 


Dendritic melanocytes are present only in the upper half of the 
bulb, whereas inactive (amelanotic) melanocytes are present in 
the outer root sheath. These melanocytes can become active after 
injury, migrating into the upper portion of the outer root sheath 
and to the regenerating epidermis (5). 


Figure 1.15 Inferior segment of the hair follicle, showing the 
hair papilla. 


At the level of the isthmus, the cells of the inner root sheath 
disintegrate and disappear, whereas the cells of the outer root 
Sheath begin an abrupt sequence of keratinization. This process is 
called trichilemmal keratinization (102). Trichohyalin granules are 
red in routine H&E-stained sections, as opposed to the blue 
granules of the keratohyalin of epidermal keratinization and of the 
epithelium of the follicular infundibulum of the hair follicle. The 
staining features of these granules permit neoplasms and cysts to 
be distinguished from either pilar or epidermal origin. 


Under normal circumstances, microorganisms like Staphylococcus 
epidermis, yeasts of Pityrosporum (Figure 1.17), and the Demodex 
folliculorum (Figure 1.18) mites are encountered in the follicular 
infundibulum. 


Figure 1.16 Hair follicle showing the hair shaft (center) 
surrounded by the inner root sheath, which contains 
trichohyalin granules. The outer root sheath is composed of 
clear cells. 


Figure 1.17 Yeasts of Pityrosporum in the follicular 
infundibulum. 


The mantle hair of Pinkus (103) is a hair follicle in which 
proliferation of basaloid epithelioid cells emanating from the 
infundibulum is seen. Sebaceous proliferation is present in those 
cords (Figure 1.19). The significance of this hair follicle is not 
known. 


The hair growth is in lifelong cyclic transformation. Hormones and 
their receptors play prominent roles in hair cycle regulation (104). 
Three phases are recognized: (a) anagena€”active growth phase; 
(b) catagena€”involuting phase (apoptosis-driven regression); and 
(c) telogena€”relative resting phase. The histologic features 
previously described correspond to the anagen hair. 


During the catagen phase, mitosis and melanin synthesis cease at 
the level of the hair bulb. The hair bulb is then replaced by a 
cornified sac formed by retraction of the outer root sheath around 
the hair bulb, and a club hair is formed. A thick glassy basement 
membrane surrounds the hair follicle. Apoptosis of single cells in 
the outer root sheath is a characteristic finding during the catagen 
phase (40). 


During the telogen phase, the club hair and its cornified sac 
retract even further to the insertion of the arrector pili muscle, 
leaving behind the dermal papilla, which is 


connected to the retracted hair follicle by a fibrous tract (Figure 
1.20) (24). When the cycle is complete, a new anagen phase 
begins with the formation of new hair matrix. 
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Figure 1.18 Demodex _ folliculorum mites in the follicular 
infundibulum. 


Figure 1.19 Mantle hair of Pinkus with lateral extensions 
containing sebaceous cells. 


The duration of the normal hair cycle varies. The anagen phase is 
measured in years for the scalp, but it is measured in shorter 
periods of time for the anagen cycle in other regions of the body. 
The length of the hair is also related to the amount of the anagen 
hair. More than 80% of hair present in normal scalp is anagen 
hair. The catagen phase takes two to three weeks, and the telogen 
phase may last a few months. 


The color of normal hair depends on the amount and distribution of 
the melanin in the hair shaft (24). Normal human epidermal 
melanocytes may synthesize both eumelanin and pheomelanin 
(105). The melanins in black hair are eumelanin (characterized by 


the presence of ellipsoidal eumelanosomes), while those in red 
hair are mainly pheomelanin (ascribed to spherical 
pheomelanosomes) (105,106). Fewer melanosomes are produced 
in the bulbar melanocytes of blond hair. A relative absence of 
melanin and fewer melanosomes are seen in gray hair. Multiple 
internal or external regulatory factors are involved in hair 
pigmentation. There might be some correlation between 
tryptophan content and tyrosinase expression with hair color 
(107,108). 


Another structure related to the pilar unit is the hair or pilar disk 
(the Haarscheibe). The Haarscheibe is a specialized spot in close 
vicinity to hairs. This structure is usually not recognized on routine 
histologic section. It may present as an acanthotic elevation of the 
epidermis, limited by two elongated rete ridges laterally (1). The 
epidermis in this area has more Merkel cells in the basal layer, and 
the dermal component is well vasculized, containing myelinized 
nerve fibers in contact with Merkel cells (22,95). It is considered 
as a highly sensitive, slowly adapting mechanoreceptor (1,109). 


Figure 1.20 Catagena€“telogen hair follicle located entirely 
within the dermis. 


Sebaceous Glands 


The sebaceous glands are holocrine glands associated with hair 
follicles. Their secretions are made of disintegrated cells. The 
palms and soles are the only regions devoid of sebaceous glands. 
Sebaceous glands are prominent in facial skin. They are also seen 
in the buccal mucosa, vermilion of the lip (Fordyce's spot), 
prepuce, labia minora, and, at times, in the parotid gland. 


The sebaceous glands are lobulated structures composed of 
multiple acini in some locations like the head and neck; in other 


sites, such as chest, they are composed of a single acinus. The 
periphery of the lobules contains the germinative cells, which are 
cuboidal and flat with large nucleoli and basophilic cytoplasms 
without lipid droplets. As differentiation occurs, several inner 
layers show lipid droplet accumulation in the cytoplasm until they 
fill the cell. 


The more differentiated cells (sebocytes) have a characteristic 
multivacuolated cytoplasm (Figure 1.21). The nucleus is centrally 
located and scalloped due to the lipid imprints. The more 
differentiated cells disintegrate and discharge the cellular debris 
(sebum) into the excretory duct, which opens into the hair follicle 
in the lower portion of the infundibulum. The excretory duct is 
short, shared by several lobules, and lined by keratinized 
squamous epithelium. 


Figure 1.21 Sebaceous glands with peripheral germinative 
cells and, toward the center, the differentiated vacuolated 


cells. 


Within sebaceous glands, the germinative cells express appreciable 
quantities of keratins. Mature sebocytes demonstrate cytoplasmic 
reactivity for high-molecular weight keratins and epithelial 
membrane antigen (1). 


Eccrine Glands 


The eccrine glands are the true sweat glands responsible for 
thermoregulation. They are found in higher concentration in palms, 
soles, forehead, and axillae and have dual secretory and excretory 
functions. 


The secretory portion of an eccrine gland is a convoluted tube 
located in the dermis, in the interface with the subcutaneous 
tissue, and, rarely, within the subcutaneous tissue. In cross- 
sections, it appears that several glandular structures with a central 
lumen form the secretory coils. These are seen as lobular 
structures often surrounded by fat even when located within the 
dermis (Figure 1.22). 


Three types of cells are identified in the eccrine coil: clear cells, 
dark cells, and myoepithelial cells. The clear cells are easily seen 
H&E-stained sections (Figure 1.23). They rest directly on the 
basement membrane and on the myoepithelial cells. Clear cells are 
composed of pale or finely granular cytoplasms with a round 
nucleus usually seen in the center of the cell. Deep invaginations 
of the luminal membranes of adjacent clear cells form intercellular 
canaliculi lined with microvilli (Figure 1.24) (110). The intercellular 
canaliculi often persistent in neoplasms derived from eccrine 
glands. The clear cells contain abundant mitochondria and variable 
amount of PAS-positive, diastase-labile glycogen. 
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The dark cells border the lumen of the glands. Electron microscopy 
shows that they contain abundant secretory granules that have 
glycogen-staining characteristics. They contain sialomucin (PAS- 
positive, diastase-resistant (PASD) mucopolysaccharides) and high 
concentration of proteins (5,111). The dark cells are difficult to 
identify in routine H&E-stained sections. However, the acid-fast, 
PASD, and S-100 protein stains will highlight the granularity of the 
cells (Figure 1.25) (22). 


Figure 1.22 Eccrine lobule containing fat, glands, and ducts. 


Figure 1.23 Clear cells of the eccrine glands. 


Figure 1.24 Intercellular canaliculi (anti-CEA). 


The myoepithelial cells are contractile spindle cells that surround 


the secretory coil (Figure 1.26). In turn, they are surrounded by a 
PAS-positive basement membrane. Elastic 


fibers, fat, and small nerves are present in the adjacent stroma. 


Figure 1.25 Dark cells with granular cytoplasm (acid-fast 
stain). 


The excretory component of the eccrine gland is composed of 
three segments: (a) a convoluted duct in close association with 
the secretory unit (Figure 1.27); (b) a straight dermal component; 
and (c) a Spiral intraepidermal portion, the acrosyringium, which 
opens onto the skin surface (Figure 1.28). The transition between 
the secretory and excretory component is abrupt. Both convoluted 
and straight dermal ducts are histologically identical. They are 
narrow tubes with a slitlike lumina lined by double layers of 
cuboidal cells. The luminal cells have a more granular eosinophilic 
cytoplasm and a larger round nucleus than the peripheral row of 
cells. The peripheral cells are rich in mitochondria. 


The luminal cells produce a layer of tonofilaments near the luminal 


membrane that are often referred to as a€cethe cuticular 
border,a€* which is a PASD eosinophilic cuticle (5). This cuticular 
border often persists in the eccrine neoplasm (e.g., eccrine 
poroma). There are no myoepithelial cells and peripheral hyalin 
basement membrane zone in the eccrine ducts (5). 


Figure 1.26 Glands, but not the ducts, are surrounded by 
myoepithelial cells (anti- HHF35). 


Figure 1.27 Eccrine duct. Note the abrupt transition from the 
secretory portion. 


The intraepidermal segment of eccrine duct, known as 
acrosyringium has a unique symmetrical and helicoidal course in 
the epidermis with its length correlated to the thickness of the 
epidermis (43). It consists of a single layer of luminal cells and 
two or three rows of concentrically oriented outer cells. The 
presence of keratohyalin granules in acrosyringium in the lower 
levels of the squamous layer indicates that they keratinize 
independently. The intraepidermal lumen is lined by acellular 
eosinophilic cuticle before keratinization (5,24). Melanin granules 
are absent. 


Apocrine Glands 


The apocrine gland (Figure 1.29) has a coiled secretory portion 
and an excretory (ductal) component. The secretory portion is 
much longer than its eccrine counterpart; and it may reach 200 
Aum in diameter, compared to 20 Aum for the eccrine glands (77). 


The secretory glands are located in the 


subcutaneous fat or in the deep dermis. They are lined by one 
layer of cuboidal, columnar, or flat cells (luminal cells), and an 
outer layer of myoepithelial cells, which is surrounded by a PAS- 
positive basement membrane. The luminal cells are composed of 
eosinophilic cytoplasm, which may contain lipid, iron, lipofuscin, 
PASD granules (24), and a large nucleus located near the base of 
the cell. Detached fragments of apical cytoplasm are found in the 
lumen of the glands. The secretion from apocrine glands releases 
secretory materials accompanied with loss of part of cytoplasm 
(112), although other forms of secretion have been observed, 
including melocrine (granular contents within numerous vesicles 
are released without loss of cytoplasm) and holocrine type (the 
entire cell is secreted into the glandular lumen) (50,112). 


Figure 1.28 Acrosyringium. 
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Figure 1.29 Secretory apocrine glands. 


Similar to the eccrine duct, the excretory (ductal) component of 
the apocrine gland has a double layer of cuboidal cells. Microvilli 
are identified on the surface of the luminal cells and keratin 
filaments are in their cytoplasms, the latter giving the eosinophilic 
hyalin appearance to the inner lining of the duct. No myoepithelial 
cells and peripheral basement membrane are identified in the 
excretory duct. Apocrine glands are always connected to a 
pilosebaceous follicle. The intrafollicular or intraepidermal portion 
of apocrine duct is straight other than the spiral as seen in 
acrosyringium (5). 


Apocrine glands are mostly located in the axillary, anogenital 
areas, mammary region, eyelids (Moll's glands), and external ear 
canal (ceruminous glands), and their presence is characteristic in 
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A third type of sweat gland, so-called a€ceapoeccrine glandsa€* of 
the human axillae (113), are composed of a dilated secretory 
portion that, by electron microscopy, is indistinguishable from the 
apocrine glands; however, they retain the intercellular canaliculi, 
as well as the dark cells of the eccrine glands. The duct does not 
open in the hair follicle but in the epidermis. These glands, which 
develop from eccrine glands during puberty, account for as much 
as 45% of all axillary sweat glands in a young person. Recently, it 
was reported that the obstruction of intraepidermal apoeccrine 
sweat ducts by apoeccrine secretory cells might be the possible 
causes of Fox-Fordyce disease (114). 


The most useful marker of sweat gland differentiation is 
carcinoembryonic antigen (CEA), found mainly in the luminal 
borders of secretory cells of eccrine glands and excretory eccrine 
ducts and, to a less extent, on apocrine glands. Gross cystic 
disease fluid protein-15 (GCDFP-15) and epithelial membrane 
antigen (EMA) are also detected in both eccrine and apocrine 
Sweat glands (1,115). Myoepithelial cells lining the secretory 
Sweat glands express smooth muscle actin and keratin K17 (1). 


Dermis 


The dermis is a dynamic, supportive connective tissue harboring 
cells, fibrous tissue, and ground substances with adnexal 
structures and vascular and nerve plexuses running through it (1). 
The dermis (Figure 1.30) consists of two zones: the papillary 
dermis and reticular dermis. The adventitial dermis (116) 
combines the papillary and the periadnexal dermis. 


The papillary and periadnexal dermis can be recognized by a loose 
meshwork of thin, poorly organized collagen composed of 
predominantly type III collagen (117,118,119) mixed with some 
type | collagen and a delicate branching network of fine elastic 


fibers. The papillary dermis also contains abundant ground 
substance, fibroblasts and the capillaries of the superficial arterial 
and venous plexuses. 


Figure 1.30 Dermis with papillary and thick reticular dermis. 
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Figure 1.31 Distribution of elastic fibers. Elastin fibers are 
thin and branching in the papillary dermis and thick and 
fragmented in the reticular dermis. 


The reticular dermis is thicker than the papillary dermis and is 
composed of multiple layers of well-organized thick bundles of 
collagens, predominantly type | collagen, mostly arranged parallel 
to the surface (117,118,119). These layers are built from 
overlapping of individual fibers of uniform size. The plates are 
oriented randomly in different directions (120). There are also 
thick elastic fibers with fragmented appearance detected by 
special elastic tissue stains (Figure 1.31). Some ground substance 
and the vessels of the deep plexuses are also present in the 


reticular dermis. 


The resident cells in the dermis mainly include dermal dendritic 
cells, fibroblasts, and mast cells (1). Dermal dendritic cells are a 
group of cells with immunophenotypic and functional heterogeneity 
located in the dermis and possessing a dendritic morphology 
(121). There are multiple subsets of dendritic cells. At least three 
types of dermal dendritic cells are recognized as distinct cell types 
with unique immunophenotype in vivo (122,123). 


e Factor Xllla+ dermal dendrocytes are in the perivascular 
distribution in the papillary dermis and around sweat glands 
(1,122). Dermal dendrocytes, also known as dendrophages 
(126), express some markers of mononuclear macrophages 
(124) and have phagocytic function (125). 


e CD34+ dendritic cells are present in the mid- and deep dermis 
around adnexae (1,122). 


e The dermis harbors a true dendritic cell population, also in a 
perivascular distribution. These are Langerhans' cella€“like 
dendritic cells involved in dermal antigen presentation, 
expressing HLA-DR and CDla except for lack of Birbeck 
granules (123,127,128). 


Fibroblasts are the dynamic and fundamental cells of the dermis, 
synthesizing all types of fibers and ground substances (1,119). 
They appear as spindle-shaped or stellate cells, which are not 
reliably differentiated from other dermal spindle-shaped cells and 
dendritic cells in H&E-stained sections. Ultrastructurally, they 
contain prominent, well-developed rough endoplasmic reticulum. 


Mast cells are derived from bone marrow CD34+ progenitor cells 
and are sparsely distributed in the perivascular and _ periadnexal 
dermis. They are recognized by a darkly stained ovoid nucleus and 
granular cytoplasm, which is highlighted by Giemsa and toluidine 
blue stains. Mast cells are positive with tryptase and c-kit (CD117) 


immunohistochemical stains (129,130,131). Mastocytosis is 
characterized by abnormal growth and accumulation of mast cells 
in various organs with heterogenous manifestation. Urticaria 
pigmentosa is the most common cutaneous manifestation of 
mastocytosis (132,133). 


Macrophages are also seen in the normal dermis; they become 
visible when pigments or other ingested material is present in the 
cytoplasm of the cells. 


Besides fibrous tissue and cellular components, the dermis also 
contains amorphous ground substance filling the spaces between 
fibers and dermal cells. It mainly consists of glycosaminoglycans 
or acid mucopolysaccharides (the nonsulfated acid 
mucopolysaccharides [predominantly hyaluronic acid] and, to a 
lesser degree, sulfated acid mucopolysaccharide [largely 
chondroitin sulfate)]) (1,5). The ground substance is present in 
Small amounts and is seen as empty spaces between collagen 
bundles in routine H&E-stained sections; it also is hardly identified 
with Alcian blue and toluidine blue special stains. In pathologic 
conditions such as lupus erythematosus, granuloma annulare, and 
dermal mucinosis, the excessive quantity of ground substance 
produced can be seen without the aid of special stains as strings of 
bluish material. 


Subcutaneous Tissue 


Subcutaneous tissue, also called subcutis or hypodermis, is crucial 
in thermal regulation, insulation, provision of energy, and 
protection from mechanical injuries. It is composed of mature 
adipose tissue arranged into lobules. The mature adipocytes within 
the lobules are round cells rich in cytoplasmic lipids, which 
compress the nucleus to the side of the cell membrane. The 
adipocytes express S-100 protein and vimentin in 
immunohistochemical stains (123). These lobules of mature 
adipocytes are separated by the thin bands of dermal connective 


tissue that constitute the interlobular septa (Figure 1.32). Thus, 
inflammatory changes involving the subcutaneous tissue can be 
divided into septal panniculitis (e.g., erythema nodosum) and 
lobular panniculitis (e.g., panniculitis associated with pancreatitis) 
(24). 


Figure 1.32 Septa and lobules of subcutaneous fat. 


Blood Vessels, Lymphatics, Nerves, 
and Muscle 


The large arteries that supply the skin are located in the 
subcutaneous tissue, usually within the interlobular septa, and are 
accompanied by large veins. Smaller arteries, venules, and 
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capillaries constitute the main vasculature seen in the dermis and 
within the lobules of the subcutaneous fat. 


A network of these smaller vessels is located in the papillary 
dermis (superficial plexus) and in the deep reticular dermis (deep 
plexus). Superficial vascular plexuses separate the papillary 
dermis from the reticular dermis, whereas the deep vascular 
plexuses define the boundary between the reticular dermis and 
Subcutaneous tissue. The division of superficial and deep plexuses 
is important in the classification and recognition of many 
inflammatory diseases of the skin in which characteristic infiltrates 
are located around the superficial, deep, or superficial and deep 
plexuses. Blood endothelial cells express von Willebrand factor 
(factor Vill-related antigen), vimentin, CD34, and CD31 antigens 
(1,123). 


Vasculitis is the inflammatory process that involves the blood 
vessels. It is important to remember that strict criteria are applied 
for the diagnosis of cutaneous vasculitis, and they include: (a) the 
presence of inflammatory cell infiltrate within the vessel wall, and 
(b) the presence of vascular injury, in a spectrum from edema and 
extravasations of red blood cells, leukocytoclasis, thrombi within 
the lumina of these blood vessels to fibrinoid necrosis and/or 
destruction of the blood vessel wall (Figure 1.33). The presence of 
fibrinoid necrosis of the vessel wall is essential for diagnosis of 
true vasculitis. Perivascular inflammation alone is not a sign of 
vasculitis. 


Mainly in the acral skin, special arteriovenous anastomosing 
structures known as glomera are present in the reticular dermis. 
Each glomus is composed of an arterial segment (the Sucquet- 
Hoyer canals) connected directly with venous segments. Each 
Sucquet-Hoyer canal is surrounded by four to six layers of glomus 
cells, which are considered as vascular smooth muscle cells 
serving as a spincter. Glomus is involved in thermal regulation 
(1,5). 


Figure 1.33 Vasculitis. Case of leukocytoclastic vasculitis 
showing damage to the capillary wall. 


The lymphatics of the skin (134) accompany the venules and are 
also located in the deep and superficial plexuses. Unless valves are 
seen within these vessels, their recognition in routine sections is 
impossible. Under normal conditions, they are surrounded by a 
cuff of elastic fibers. In contrast to blood endothelial cells, 
lymphatic endothelium do not react with antibodies to von 
Willebrand factor (factor VIII-related antigen) and CD34 (123). 


Large nerve bundles are seen in the subcutaneous fat and in the 
deep reticular dermis; however, small nerve fibers are present 
throughout the skin, reaching the papillary dermis. As mentioned 
earlier, recent immunohistochemical studies have demonstrated 
that the epidermis contains free nerve axons in association with 
Langerhans cells (55). 


In sections of the palm and sole, some sensory nerves form nerve 
ending organs. Meissner corpuscles are seen in the papillary 
dermis, which is composed of several parallel layers of Schwann 


cells containing an axon; they function as rapid mechanical 
receptors for the sense of touch. In weight-bearing areas, the 
Vater-Pacini corpuscles consist of concentrically arranged Schwann 
cells with an axon and are located in the deep dermis and 
subcutaneous fat. They serve as receptors for sense of deep 
pressure and vibration (Figure 1.34). 


Smooth muscle is represented in the skin by the arrector pili 
muscles, which arise in the connective tissue of the dermis and 
insert into hair follicles below the sebaceous glands. Melanocytes 
of congenital nevus are often seen within the arrector pili muscle. 
Smooth muscle is also seen in the skin of external genitalia (tunica 
dartos) and in the areolae. 


Figure 1.34 Vater-Pacini corpuscle. 


Strands of striated muscle are found in the skin of the neck, face, 
and particularly the eyelids as muscle of expression. 
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Histologic Differences of Skin with Age 


Newborns and Children 


The epidermis of newborns and children is usually of the same 
thickness as in adults, with the exception of the acral skin. There 
is a greater density of melanocytes and Langerhans cells. 


The dermis is more cellular than in the adult with a higher 
concentration of ground substance. The number of eccrine glands 
is higher at birth, while apocrine glands are not well developed 
until after puberty (135). The sebaceous glands are developed in 
children, but sebaceous secretion begins at puberty under the 
influence of androgen stimulation (136). 


The adipocytes of the subcutaneous tissue in newborns and 
children are thin-walled and larger than the adult adipocytes. In 
addition to white fat as seen in adults, infants possess brown fat, 
which initially comprises up to 5% of body weight then diminishes 
with age to virtually disappear by adulthood. Brown adipocytes are 
rich in mitochondria and contain multiple lipid droplets of varying 
size in the cytoplasm with centrally located nuclei. Brown fat 
contains an abundance of blood-filled capillaries and is of 
particular importance in neonates because it has the ability to 
produce heat (thermogenesis) by degrading fat molecules into 
fatty acids (137,138). 


Elderly 


In the elderly, the histologic differences are mainly due to atrophy 
and to reduction of most cutaneous elements (139,140,141). The 
cells of the epidermis are arranged haphazardly because of 
aberrant proliferation of the basal cell layer, which may predispose 
to the development of neoplasms (142). There is a marked 
decrease in the number of melanocytes and in the number of 


melanosomes, leading to reduced pigmentation (140,143) and, 
consequently, more exposure to the damaging effects of ultraviolet 
light. The Langerhans cells also decrease in number and function 
with advanced age (140,143), which increases the damaging 
effects of contactants and partially contributes to age-associated 
deterioration of immune function (144). 


In the elderly, the dermis is thinned, relatively acellular, and 
avascular. The dermal collagen, elastin, and ground substance are 
altered and reduced (139,142). Elastic fibers show structural and 
biochemical alterations that change the elasticity of the skin. 
Collagen bundles are thicker but stiffer. The net effect is that age- 
associated alterations make the dermis less stretchable, less 
resilient, and prone to wrinkling (145). Fibroblasts, dendritic cells, 
and mast cells are also reduced in number. 


Because of the reduction in the cutaneous vascular supply, there is 
a decrease in inflammatory response, absorption, and cutaneous 
clearance (146). 


Both eccrine and apocrine glands are also reduced, with 
diminished secretions in the elderly. Sebaceous glands increase in 
size and manifest clinically as sebaceous hyperplasia, but 
paradoxically their secretory output is lessened by decreased 
activity (139,147). 


With age, the number and rate of growth of hair follicles 
decreases, vellus hair will develop into terminal hairs in unusual 
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sites, such as the ear, nose, and nostrils, resulting in possible 
cosmetic problems. There is also a decreased functioning of 
Meissner's and Vater-Pacini corpuscles (148). Finally, there is 
diminished subcutaneous tissue especially in the face, shins, 
hands, and feet, but it increases in other areas, particularly the 
abdomen in men and the thighs in women (139). 
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Figure 1.35 Solar elastosis in the dermis. 


The pathologic hallmark of extrinsic aging is solar elastosis (Figure 
1.35), whereas wrinkling is due to the intrinsic factors mentioned 
previously (149). 


Histologic Variations According to 
Anatomic Sites 


Regional variations of the normal histomorphology are important 
to recognize so as to avoid misinterpretation of variation as 
abnormality. 


The normal scalp and other densely hair-containing regions show 
hair follicles extending through the dermis into the subcutaneous 
fat (Figure 1.36). This is usually not seen in areas with less 
concentration of hair. Abundant vellus hair is seen in sections 
taken from the skin of the ear. The skin of the face shows 


characteristically many pilosebaceous units (Figure 1.37), and 
large sebaceous glands are seen on the nose. 


The squamous layer of the eyelid epidermis is thin and composed 
of two to three layers of cells and basoloid epithelial buds. 
Modified apocrine glands (Moll's glands) and vellus hairs are seen 
in the dermis. 


Sections taken from the skin of the trunk, especially the back, 
show a normally thickened reticular dermis when compared to 
other sites (Figure 1.38). Unawareness of this normal variation 
may lead to the erroneous diagnosis of processes producing thick 
collagen, such as scleroderma. The skin around the umbilicus also 
Shows thick and fibrotic dermis (Figure 1.39). 


Figure 1.36 Section of scalp showing hair follicles extending 
into the subcutaneous tissue. 


Figure 1.37 Skin of face with pilosebaceous units. 


The palms and soles contain stratum lucidum and show a thick, 
compact cornified layer with loss of the characteristic basket- 
weave pattern (Figure 1.40). In addition, there are numerous 
eccrine units, nerve end organs, and glomus structures seen in the 
dermis. There are no pilosebaceous units. Sections of the skin of 
the lower leg may show thicker blood vessels in the papillary 
dermis as a result of gravity and stasis (Figure 1.41). Smooth 
muscle fibers are seen in the dermis of the skin of external 
genitalia and areola of the nipple. Cutaneous-mucosal junctions 
may lack granular and cornified layers, and cells of the squamous 
layers are larger, with higher glycogen content. 


Figure 1.38 Section of skin of the back showing the normal 
reticular dermis. 


Figure 1.39 Umbillicus with dermal fibrosis. 


Pathologic Changes Found in Biopsies 
and Interpreted as a€ceNormala€e 
Skin 

Biopsies taken from clinically abnormal skin lesions may be 


interpreted histologically as normal because of the presence of 
subtle changes. The following are some examples. 


e Dermatophytosis is seen in the cornified layer (Figure 1.42) of 
an otherwise normal skin. 


e A thick or absent granular layer may indicate an abnormal 
process of keratinization like psoriasis or an ichthyosiform 
dermatosis.Vitiligo (Figure 1.43, 1.44) may give the histologic 
impression of normal skin unless one searches for 
melanocytes. 
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Figure 1.40 Histologic section of the palm with compact 
cornified layers and stratum lucidum. 


Figure 1.41 Skin of the leg showing a proliferation of 
small thickened blood vessels secondary to stasis. 


Figure 1.42 Superficial dermatophytosis (PAS stains). 
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Figure 1.43 Vitiligo. Note the absence of basal 
melanocytes. 


Figure 1.44 Vitiligo. S-100 protein stains show the 
absence of basal melanocytes. 
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e Macular and lichen amyloidosis (Figure 1.45) may be 
overlooked because the pink globules of amyloid seen in the 
papillary dermis can be mistaken for normal dermis. 


e Urticaria (Figure 1.46) produces only edema, which in routine 
sections is seen as separation of the collagen bundles in the 
dermis. Similar changes are seen in the case of dermal 
mucinosis, in which deposition of mucinous material may be 
inconspicuous in routine sections. Special stains for mucin will 


be helpful. 


e In telangiectasia macularis eruptive perstans, a subtype of 
cutaneous mastocytosis, the changes may be quite subtle and 
are composed of dilated blood vessels in the upper dermis with 
a scant infiltrate of mast cells. The infiltrate must be 
confirmed with appropriate stains for mast cells. 


e Trichotillomania is a hair pulling habit resulting in areas of 
alopecia. Although histologic changes can be numerous (24), 
at times hair follicles devoid of hair are the only changes seen, 
which give an impression of normal skin in the biopsy material. 


Figure 1.45 Lichen amyloidosis composed of pink globules 
in the papillary dermis. 


Figure 1.46 Urticaria shows only dermal edema. 


e Some degenerative disease of skin, such as anetoderma, can 
represent only as partial loss of elastic fibers in the dermis, 
which will be demonstrated by special stains of elastic tissue. 


e The so-called a€oeconnective tissue nevusa€* representing a 
hamartoma with an overproduction of collagen bundles and 
increased, normal or decreased elastic tissue in the dermis is 
another condition that can be erroneously interpreted as 
normal skin. 


Other conditions that might be missed as da€cenormal skina€« 
include cafA©-au-lait spots, cutis laxa (elastolysis), myxoedema, 
scleromyxedema, and more. Therefore, the clinical information 
combined with careful histological examination, sometimes special 
stains, or immunohistochemical studies of the biopsy material is 
crucial to avoid misinterpretation of skin disorders as normal 


tissue. 


Specimen Handling 


Once the biopsy is done, the specimen should be placed in 
formalin fixative immediately for the purpose of routine 
histological examination. Specimens needed for direct 
immunofluorescent study ideally should be placed in Michel's 
medium or, alternatively, put in saline-moistened gauze if it is 
going to be processed within 24 hours. Specimens required for 
flow cytometry, molecular studies, and electron microscopy are 
sent fresh in saline-soaked gauze; they should be processed as 
soon as possible. If the specimens are excisional biopsies or larger 
Surgical material, 
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proper sharing of the specimen is done, always with consideration 
that histology has priority if no prior diagnosis exists for that 
particular patient. 


Figure 1.47 The entire neoplasm in the center of the lesion is 


examined by a€oebread-loafinga€* the specimen; the deep 
margin is also evaluated. The lateral margins are included in 
each section submitted for histologic evaluation, or they can 
be submitted separately by cutting them along the depicted 
interrupted lines. 


Punch and shave biopsies are described grossly and either 
embedded intact or sectioned, depending on the size of the biopsy. 
Then the specimen is embedded on a€ceedgea€* (vertical). Five 
levels are usually obtained for histologic examination. 


Excisional biopsies and surgical specimens obtained for neoplasm 
are described grossly, and the entire deep and lateral margins of 
the specimen are inked prior to sectioning. The margins are 
evaluated by cutting along all margins or, most commonly, by 
entirely a€cebread loafinga€* the specimen (Figure 1.47). The 
entire neoplasm is also evaluated using the bread-loafing 
technique. 


Artifacts 


Poor histologic preparation as a result of artifacts will hamper the 
evaluation of slides by the pathologists. These artifacts can be the 
result of a variety of factors. 


e Fixation problems such as poor or no fixation of the specimen 
prior to cutting, old solutions being used, insufficient fixation 
time, or inadequate volume of fixative (ideally, the specimen 
must be properly fixed in a solution 15 to 20 times the volume 
of the specimen) (150). 


Improper monitoring of the multiple steps involved in the 
preparation of a slide, such as cutting, temperature of the 
water bath, freshness of the staining solutions employed, and 
other factors. 


e Artifacts produced at the time of excision, such as cautery 
(Figure 1.48) and excessive squeezing of the specimen. 


Figure 1.48 Cautery effect with vertical elongation of 
keratinocytes; such a sample is difficult to evaluate. 


e Specimens stored at low temperatures, giving freezing 
artifacts (Figure 1.49). 


e Artifacts characteristically seen in certain pathologic 
processes, such as tissue holes in basal cell carcinoma (Figure 
1.50) and the lack of epidermis in sections from toxic 
epidermolytic necrolysis. 


Staining Methods 


The majority of the skin lesions can be diagnosed with well- 


prepared H&E-stained sections. However, they will not provide an 
adequate answer in all cases. A comprehensive review of 
a€cespecial stainsa€* is beyond the scope of this chapter because 
every case is different and may require a specific approach. The 
following are the most common stains used in our laboratory in the 
study of cutaneous tissue. 


K C WAON zN K- ae ie SS dos 
ae TRA Ee 
SA s} A- “al ee Ls Sat ai 


Figure 1.49 Freezing artifacts of a specimen with vacuolar 
changes in the epidermis. 


Figure 1.50 Tissue defects in a basal cell carcinoma, which 
appear in the spaces after multiple sections were performed. 
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Histochemical Stains 


e PAS: to study the thickness of the basement membrane, for 
glycogen (diastase liable) and fungal organisms (diastase 
resistant) 


e Gomori's methanamine silver: for fungal organisms and 
cutaneous Pneumocystis carinii 


e Ziehl-Nielsen and Fite stains: for acid-fast organisms 
e Gram's stains: for bacteria 


e Steiner and Warthin-Starry stains: in cases of bacillary 
angiomatosis and for spirochetes 


e Giemsa: for mast cells and protozoan organisms, such as 


Leishmania 


Mucicarmine: for mucin 


Alcian blue: for acid mucopolysaccharides (pH 2.5) and 
sulfated mucopolysaccharides (pH 0.5) 


Congo red: for amyloid 


Elastic van Gieson (EVG): for elastic fibers 


Fontana-Masson: for melanin 


Von Kossa: for calcium 


Immunofluorescence 


Immunofluorescence plays an important place in the diagnosis and 
evaluation of skin disorders such as lupus erythematosus and 
autoimmune blistering diseases. Either direct immunofluorescence 
using tissue or indirect immunofluorescence using serum of 
patients is available for diagnosis of skin diseases. Direct 
immunofluorescent studies are performed on cryostat sections of 
skin specimen using fluorescein isothiocyanatea€“conjugated 
antisera to examine for the presence of immunoglobulins A, G, and 
M, as well as fibrinogen and complement. 


I mmunohistochemical Stains 


Immunohistochemical stains are used widely now in combinations 
of H&E-stained sections for diagnosis of difficult cases, such as 
poorly differentiated malignant tumors, spindle cell neoplasms, 
and lymphoproliferative malignancies. Most of the times, these 
stains are used in panels and not as single preparations. The most 
commonly used in our laboratory are: 


e Epithelial markers: Cytokeratin CAM 5.2 (Figure 1.51) (low- 
molecular weight cytokeratin), a combination of cytokeratins 


AE1/AE3 (low- and _ intermediate-molecular weight keratin, 
carcinoembryonic antigen (CEA), and epithelial membrane 
antigen (EMA): They are used in the differential diagnosis of 
epithelial tumors, adnexal tumors, and Paget's disease. 


Melanocytic markers: S-100 protein, Melan A/MART-1, and 
HMB-45. 


Mesenchymal markers: 


o Vimentin: dendritic cells, macrophages; 


o Factor Xllla:  fibroblast-like mesenchymal cells, dermal 
dendrocytes; 


o Factor VlIll-associated antigen, CD31 and CD34: 
endothelial cells; CD34 in combination with Factor Xllla 
are useful markers in the diagnosis of 
dermatofibrosarcoma protuberans (151); 


o HHF35 (muscle specific actin), smooth muscle actin and 
desmin: muscle differentiation; 


o S-100 protein: nerve, fat, and cartilage. 


Lymphoid markers: all available CD markers for the 
characterization of lymphoid proliferations and other 
hematologic conditions are used. 


Histiocytic markers: CD68 (KP-1) and lysozymes 


Langerhans cells and Langerhans cell granulomatosis: CDla 
and S-100 protein. 


Neuroendocrine cells: neurospecific enolase (NSE), 
chromogranin and synaptophysin. These markers are also 
expressed in Merkel cell carcinoma; however, cytoplasmic 
stains for cytokeratin CK20 is most characteristic. 


Cell proliferation marker: Ki-67 is an excellent marker for 
determining the so-called growth fraction of a given 


cell population (152). Higher staining intensity in malignant 
lesions might be correlated with significant proliferative 
Capabilities in tumor; Ki-67 labeling may have some value in 
the differentiation between benign and malignant lesions 


(153,154). 


Figure 1.51 CAM 5.2 immunostaining. The secretory glands 
but not the ducts are stained. 
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Nail 


Julian Conejo-Mir 


Luis Requena 


Introduction 


Fingernails are an important epithelial mini-organ system of the hand, wit 
decades. They are important in certain animals for the apprehension and : 
different functions: as a protective plate and to enhance sensation of the 
commonly known, but the sensation function is equally important. The finc 
volumes of information about objects we touch. The nail acts as a counte 
when an object is touched. 


Although most pathological specimens from the nail show well-known cha 
malignant tumors, a broad spectrum of other changes may be found. For 
more common variations is important in establishing a correct diagnosis. | 
troublesome and confusing because a great profusion of names and conce 
newer concepts of the embryology, physiology, genetics, immunohistocher 
textbooks. This chapter emphasizes those observations and theories relat 


History 


Historical interest can be traced to the works of Galen in the second cent 
structure. However, the real study of the nail begins at the end of the ni 
Kolliker (2 ), and Unna (3 ). The first studies dealt with embryology and 

). After the initial spark of interest, the nail literature was enriched by m 
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both on the embryology and the anatomy of the human nail (6 ,7 ). Beca 
interpreted the nail plate as formed entirely by the matrix cells and concl 
formation of the plate. 


During the 1950s, Lewis (8 ) challenged this view and published his idea 
and ventral nail, with differentiation based on the use of a silver-proteinat 
unit, including the proximal nail fold, the matrix, the nail bed, and the hy 
nail. 


During the last 25 years, most studies on the nail have fundamentally tri 
on analyzing nail growth; also considered were ultrastructure and, most r 
time, new conditions, particularly tumors, unknown until a few years ago, 
especially keratoacanthomas, merkelomas (Merkel cell tumors), and subun 
publications have been very scarce following the great proliferation of pal 


Difficult biopsy access, as well as the complicated orientation and specin 
are the main reasons why there are few histologic and histopathologic stu 


Embryology 


Whereas the embryonic development of the fetal skin has been divided ir 
the embryonic development of the nail shows only five stages (11 ,12 ): 
Squamous phase; and (e) definitive nail phase, or end phase (Table 2.1 ). 


The earliest recognizable fingers are seen in 42- to 45-day-old embryos (: 
seen at 52 to 54 days of age (18.5 mm) (13 ). Studies using optical micr 
embryonal age of 10 weeks, with a smooth, shiny quadrangular surface c 
phalanx is the primary nail base of Zander (1 ) or primary nail field of Za 
proximal nail groove). 


Studies we performed using scanning electron microscopy showed that the 
age of seven weeks, with an accumulation of strongly active cells, abund. 
the presence of T lymphocytes in the primary nail base (Figure 2.1 ). Thi 
accumulated cells following a transversal band in the dorsal area of the oc 
is the most important step in the nail's development because it permits < 
the hair follicle except for one difference: in the hair follicle, the process : 
in nail development in this first phase only. Yet, the two processes are so 


compared with those of the hair follicle. The result is the formation of a 
nail fold. 


Plaque phase 

Indifferent epithelium phase 

Flattened surface phase 

Elevated surface phase 

7a€"“10 weeks 

Fibrillar phase 

Incipient bleb formation phase 

2.5a€“3 months 

Granular phase 

Single bleb formation phase 

3a€“4 months 

Squamous phase 

Complex bleb formation phase 

4a€“5 months 

Definitive nail phase 

Cornification phase 

Up to 5 months 

a Suchard R. Des modifications des cellules de la matrice et du lit de l'ori 
1882;2:445. 

b Holbrook KA, Odland GF. The fine structure of the developing human « 
microscopy of the periderm.J Invest Dermatol 1975;65:16a€“38. 


Nail Unit? Embryonic/ Fetal Skin? Development 


Table 2.1 Comparison of the Different Stages of Nail Developme 
Electron Micros 


An interesting feature of the first stages is the excessive size of the prim 
distal third part of the finger. This plate stays attached to its surroundin 
the age of 11 weeks, all the proximal and lateral nail folds are already f 
hyponychium, is completely keratinized at the age of 3.5 months (Figure 
process of keratin formation that is different from the rest of the embryo 


nail bed from the age of 14 weeks on and sometimes confused by some a 
of the true nail plate starts from the matrix cells, located in the proximal 
Its presence in the 

Psd 
proximal fold is visible from the fifth month of intrauterine life onward, t 
presence of sulfhydryl radicals (14 ). 


Figure 2.1 Development of the human nail exhibited through scanning e 
human embryo. The fingers are already defined but have no interphalange 
poorly structured material accumulated (arrow in A ) that corresponds to 
future proximal nail fold (B , A—500; C , A—100). D. Close-up view of tl 


with numerous vesicles of keratohyalin, which are in different phases of 


The nail unit at this stage shows grooves form by invaginations of primiti 
grooves delimit rectangular areas at distal aspects of dorsa of fingers anc 
areas are covered by primitive epithelium that, approximately at the four 
composed of a basal layer of primitive germinative cells, three or four la 
and a thin and eosinophilic acellular layer at the surface. This primitive e 
two clusters of epithelial cells at their proximal and distal ends. The pro: 
backward and downward, descending at an angle into the subjacent primi 
of epithelial cells will become the proximal nail fold, and the deeper part 
At the junction between the superficial and deeper parts, there is a crease 
developed nail. At this stage of development, the primitive mesenchymal ' 
with abundant ground substance. At this time, the future distal phalanx i 
earliest evidences of focal calcification. Distally, the primitive epithelium fe 
become the hyponychium. 


From the fifth month on, the definitive nail plate starts to grow in a dista 
The growth mechanism of the definitive nail is discussed later in the sect 


Figure 2.2 Fibrillar phase. Fingers of the hand of a 3-month-old embryo. 
nail fold (A—40). B. The ungual region is delimited by multiple fibrillar f 
nail bed surface (A—2400). D. Detail of the fibrillar attachment of the na 


m 
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Figure 2.3 Granular phase. Fingers of the hand of 4.5-month-old embryc 
bed has an undulating surface covered by keratin scales (A—400). C. and 
keratohyalin vesicles (C, A—400; D, A—150). 


m 


Figure 2.4 Squamous phase A. Index finger of 5.5-month-old fetus (A— 
bed surface, simulating a false nail (A—500). B. The cuticle (A—500) and 
(A—500). 


Figure 2.5 Sagittal section of a fetus hand of 16 weeks, with special clos 
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Genetics and Nail Keratins 


Epithelial cells possess three cytoskeletal systems: actin microfilaments, 

protective structural role of keratins was clearly revealed in the early 19€ 
in a variety of human genetic diseases characterized by fragility and/or 

). It is not precisely known how mutations in these keratins lead to hype 
keratinocytes presumably leads to release of cytokines and other inflamme 
matrix and produce overgrowth of the nail (16 ). 


Keratins are a large family of intermediate filament proteins encoded by n 
these are the epithelial keratins that are found in soft epithelial tissues of 
sulphur hard keratins of which hair and nail is composed. Both epithelial 
type | and type II proteins on the basis of their size, charge, and amino 
that the human hair keratin family consists of nine type | and six type II 
within the type | and type II epithelial keratin gene domains on chromos 
type | (K9a€“K23; Hala€“Ha8 ) and type II keratin genes (K1a€“K8; Hbl 
human and mouse genomes. The pairwise and differentiation-related regule 
unique handle to track differentiation within epithelial tissue (19 ). A far 
epithelial cells with the ability to withstand mechanical and other forms o 


Accordingly, mutations in keratin genes are responsible for a number of 
types in skin and other epithelia (20 ,21 ). Among type | keratin genes, K 
is first expressed in ectodermal cells committing to a nonepidermal cell fe 
mesenchymal induction (22 ). Concomitant with skin maturation, mK17 eœ 
compartments within all major types of epithelial appendages. Both hK17 
genes (e.g., K5 ,K6a ,K6b,K6hf ) in mature epithelial settings (23 ). | 
appendages, K17 expression is induced in mature interfollicular epidermis 
ultraviolet light exposure, inflammation) or during diseases (e.g., psoriasi 
segment of hK17 's coding sequence can cause distinct disorders of the «< 


Several genodermatoses, such as Darier's disease, X-linked dyskeratosis 
associated with characteristic nail changes (24 ). A causative gene for D 


sarco/endoplasmic reticulum Ca2+ -ATPase type 2 isoform. Mutations in X 
Thus, mutations in DKC1 gene encoding dyskerin have been also found (2 
dominant ectodermal dysplasias, whose most obvious phenotype is hypert 
thickened nail. There are two main types of PC: the Jadassohna€“Lewand 
2). The epithelia affected in pachyonychia congenita type 1 express the ke 
dominant-negative mutations in these genes (26 ). The pachyonychia con 
and K17 (27 ). All the tissues affected in pachyonychia congenita type 2 e 


Gross Anatomy 


It was first noted early in the twentieth century that the nail unit was co 
longitudinally and laid on its side. The epithelial components of the hair 
structures that may be involved jointly in several ways as congenital and 
alopecia areata, lichen planus, iatrogenic causes, and fungal infection (31 


Various types of differently keratinizing epidermis make up the nail. What 
product of the most important epidermal component, the matrix. Usually, 

varying size between approximately 1 A— 1 and 2 A— 3 cm, depending or 
usually 25 to 50% of the dorsal surface of the fingertips, whereas in the 

becomes rosy from the underlying vascular network. However, change of 
nail plate and may indicate inflammatory diseases (lichen planus, lupus « 
subungual melanoma; and scarring of the dermis or epidermis (32 ). The 
result of an abnormal keratinization of cells originating from the proximal 
intracellular vacuoles and to a lesser compactness of keratins. Genes may, 
coding for type II (basic) cytokeratins and 
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hard keratins, and the gene defect resides on chromosome 12q13 (33). 


Figure 2.6 Sagittal section of an adult thumb, in which it is possible to ¢ 
tissues. 


In the proximal portion of the nail, there is an arch called the lunula. The 
in men (34 ). The nail plate is delimited by three folds: two lateral and or 
grooves become visible where the nail plate rested. These potential spaces 
in paronychia. In the lateral nail grooves, the epidermal lining does not cc 
most proximal portions, where it becomes continuous with the epidermis ı 


The proximal nail fold is the most important one, since, as we shall note 
fundamental (35 ). This fold shows two portions: a dorsal portion, lodgin¢ 
the total surface of the nail plate is located under the ventral portion of t 
extensor is closely related with this area, and the thin nature and proximit 
(36). 


Figure 2.7 Cross section of an adult finger. The nail plate lies on nail be 


Figure 2.8 Histological sagittal section of a finger (H&E, A—10). 


A white crescent-shaped lunula can project from under the proximal nail fc 


is the most distal portion of the matrix and determines the shape of the fi 
due to the effect of light scattered by the nucleated cells of the keratogen 
epithelial cells making up the matrix (35 ,37 ). 


Proximal nail fold 


Hyponychium 


| Lateral nail fold 
Nail plate 


Figure 2.9 Schematic nail diagram, including nomenclature. 


At the point of separation of the nail plate and the nail bed, the subungué 
humans, this structure may only be vestigial, its original significance onl) 
However, in certain diseases, it could be the seat of distal subungual hy 
congenita and pityriasis rubra pilaris (39 ). The distal limit of the ungual 
the distal fold, a keratinized structure that continues until the fingertips. 
of the distal groove is named the pterygium inversum unguis (40 ). This 
behavior of the hyponychium and the eponychium in classic cases of pter 


On close examination, two further distal zones can often be identified: tr 
this, the onychodermal band (41 ). This band is a barely perceptible narro 
prominent in acrocyanosis. The exact anatomical basis for the onychoderm 
blood supply from the main body of the nail bed (42 ). It is possible to e 
the finger, leaving behind a white band. The band's color can occasionally 


Several studies have been published about the exploration of the nail ap 
studying the nail plate thickness (44 ), magnetic resonance imaging (MRI, 
mm in diameter (45 ). 


Figure 2.10 Horizontal section of the dorsal nail plate. Corneocytes show 
not contain nuclei or elements (VVG stain, A—200). 


Microscopic Anatomy 


The Nail Plate 


Microscopically, the nail plate consists of closely packed, adherent, interc 
2.10 ,2.11 ). Many intercellular links, including tight, intermediate, and d 
made-up of three layers: a thin dorsal layer, a thick intermediate layer, < 
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layer from the nail bed. The cells of the surface of the nail plate overlap 
reason, the dorsal surface of the nail plate is smooth, whereas the palm 
can also be observed with optical microscopy, scanning electron microsco| 
technique, Garson et al. (48 ) demonstrated three different layers in the 
the keratin molecules from the outer to the inner side of human nail. Th 
intermediate, and ventral plates. The hairlike type Î=+-keratin filaments (81 
(accounting for approximately two-thirds of the nail width) and are perfec 
plane. Keratin filaments of stratum corneum (epidermis) type, found in th 
directions; parallel and perpendicular to the growth axis. This a€cesandwi 
intercellular junctions gives the nail high mechanical rigidity and hardness, 


Lipid bilayers (49 A... thick) parallel to the nail surface fill certain ampulla 
ventral plate. Using x-ray microdiffraction, Garson et al. also showed the 
during the synthesis phase. No keratohyalin granules were seen, but acid 
Montgomery, are occasionally seen in older age groups. 


Proximal nail foid: Dorsal portion 
Proximal naii fold: Ventral portion 


Figure 2.11 Schematic diagram of a sagittal section through the nail unit 


Hamilton et al. (49 ) believed that the progressive increase in the thickne 
size of the cells in the plate, consecutive to the frictional loss of nail; hoy 
toenails to find the determinant of final nail thickness and length at its p 
confirmed that the increase of nail thickness with age is independent of t 
that fracture of the nail plate occurred because the energy to cut nails ti 
needed (approx. 6 kj/m2 ) to cut them longitudinally (51 ). 


Corneocytes of the human nail plate have been studied by Germann et al. 
are irregular and polyhedral, nonnucleated, and with distinctly irregular ne 
with age: babies have small cells, adults have significantly larger cells, al 
younger adults. These authors also commented that the faster-than-normé 
corneocytes from psoriatic patients are smaller than normal, whereas cor! 
having lichen planus or dyskeratosis congenita, are larger than normal. 


Frequent gap junctions were observed near the area where lamellar grant 


that a certain substance might be able to pass through the nail plate us 
the greater permeability of the nail plate to polar molecules compared wit 
human nail plates has been determined using a portable near-infrared sp 
PLS regression by Egawa et al. (54 ). 


Transonychial water loss (TOWL) in vivo has been studied by Nuutinen et 
values decrease with age and patients with eczema, psoriasis, and onyct 
with healthy subjects. 


The biochemical composition of the nail plate has been widely studied. Cé 
an important component of the nail plate; it is intracelluarly bound to ph 
(56 ). Calcium concentration is approximately 0.1% of the weight, 10 time 
that the proportion of calcium in the nail contributes little to the hardness 
possible that calcium is not an intrinsic part of the nail but is incorporate: 
porous, and calcium could enter as ionic calcium or bound to fatty acids. 
also found in small quantities in the nail plate, although their function is 
component of the nail plate. Helmdach et al. (59 ) have demonstrated the 
lipid composition of the fertile years shows distinct profiles compared to tl 
hormones on nail lipogenesis. 


The existence of sulfhydryl and disulfide groups has been demonstrated in 
high concentration of the sulfhydryl groups (9 ), which decreases as the 
years (14 ). These sulfurous radicals are formed at the expense of aminc 
can be performed by hydrolysis (60 ). Total sulfur concentration is similar 
the nail plate also contains glutamic acid, serine, and less tyrosine (57 ,5 


In certain diseases, the quantity of various organic and metallic componen 
presented for reference: total nonprotein nitrogen, urea nitrogen, ammonia 
renal failure (62 ); sodium in cystic fibrosis (63 ,64 ); calcium in older su 
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copper in Wilson's disease (65 ); arsenic as biomarker to arsenic exposure 
acetylmorphine, and cocaine in drug abusers (67). 


An analysis of the keratin of the nail plate revealed the following (68 ): 
matrix protein; and (c) high-glycineâ€“tyrosine-rich matrix protein. All thes 
due to the high-sulfur matrix protein, contrasting with the relatively soft 


Proximal Nail Fold 


The proximal nail fold is an invaginating, wedge-shaped fold of the skin or 
from under this fold (Figure 2.12 ). The proximal nail fold consists of twc 
formed nail plate and the dorsal portion that forms the dorsum of the fir 
does not differ from that of the epidermis elsewhere, possessing a granula 


The dorsal portion of the proximal nail fold consists of a continuation of t 
but no follicles or sebaceous glands. At the distal tip, a thick corneal layel 
plate (Figure 2.13 ). Its function is the protection of the nail base, partic 
acute and chronic inflammatory and infective processes to involve the na 


Figure 2.12 Proximal nail fold with its two portions: dorsal portion, with 
distal digit; ventral portion, overlying the nail plate. Note the great thick 
A—63). 


m 


Figure 2.13 Detail of the cuticle. At the distal tip, the proximal nail fold 
the nail plate. 


The ventral portion is thick-skinned, has no appendages, and is closely att 
epithelium of the ventral surface of the proximal nail fold has been called 
ventral portion of the proximal nail fold can affect the newly formed nail 
nail fold contributes to form the superficial layer of the nail plate. In part 
nail is due to parakeratotic and growth detention phenomena, respectively, 


Matrix 


The ventral surface of the proximal nail fold forms the roof of the proxim: 
plate lies between the two. The matrix is divided into three parts (8 ,9 ,3' 
and, above all, the intermediate portions play an important role in nail pl 
intermediate portion. For this reason, when we discuss the histology of tl 
portion. The ventral portion corresponds to the nail bed; the controversy 
plate is discussed in the section entitled Nail Growth . 


The main body of the matrix is composed of epithelial cells, with melano 
epithelial cells. 


WIS) 
Figure 2.14 Histologic appearance of the matrix angle, formed by the ve 
matrix. 
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Epithelial Cells 


The matrix is an easily identified thick Squamous epithelium, situated imn 
(Figure 2.14 ). Its main feature is its thickness, with between 8 and 15 
be seen for only a few millimeters, flattening itself in the area correspondi 
matrix possesses a very active germinative basal layer of immature bas 
harden, die, and contribute to the nail plate (Figure 2.16 ). The nail plate 
cells of the matrix, fragmentation of nuclei, and condensation of the cell 
feature is the lack of granular layer. Acanthosis and papillomatosis are onl 
hyponychium (Table 2.2 ). 


Proximal nail fold 

Similar to normal skin or slightly acanthotic 
Present 

Cuticle 

Matrix 

Acanthotic 

Absent 

Nail plate 

Nail bed 

Flat 

Absent 

Lower layer of the nail plate 

Hyponychium 

Acanthotic 

Present 

Horny layer in the under surface of the distal nail, similar to cuticle 


Nail Area Epithelium Granular Layer Horny End Product 


Table 2.2 Histologic Characteristic Features of each Zone of the N 


Figure 2.15 Detail of matrix epithelium. This zone shows an acanthotic 
scarce melanocytes. 


Figure 2.16 Detail of the matrix zone, in which one can observe the ab 
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Melanocytes 


The nail matrix possesses melanocytes, just as the hair matrix does. The 
developed melanocytes (Figures 2.17 ,2.18 ,2.19 ) (69 ). It is difficult - 
light microscopy, but their number is progressively increased distally. Nev 
normal skin (69 ,70 ,71 ,72 ,73 ). 


There are distinct differences in the distribution of melanocytes in adult s 
melanocytes revealed that they are not singly interspersed between the k 
arranged in small clusters among the suprabasal layers of the nail matrix 
has been described in fetal skin and in fetal skin equivalents, in which th 
suprabasally. The suprabasal location of nail matrix melanocytes may be 
molecules in the nail epithelium (73 ,74 ). 


Higashi and Saito (75 ) demonstrated that the number of melanocytes anc 


greater in the distal than the proximal matrix. The melanocyte count in m 
,75 ), while the range was 208 to 576 in the distal areas of the intermedi 


Ultraviolet rays and trauma are factors that could influence a more extens 
such as Japanese, the matrix contains several hundred well-developed mi 
melanocytes of the nail matrix in Oriental races have larger dendritic prc 


Figure 2.17 Observe the notable hyperpigmentation of the basal layer in 
pigmentation in the nail matrix (Fontana's stain, A—4). 


a 


Figure 2.18 Melanocytes of the nail matrix, are negative with cytokeratin 
matrix (cytokeratin antibody, A—10). 


Pigment, therefore, arrives in the nail plate as in the keratinized cells of | 
is most evident in African Americans, in whom it is commonly seen as | 
of pigmentation can also be seen in pathological states such as subungual 
Abundant melanosomas of these subjects have a protective effect agains 
are due to the number and size of melanosomes produced (78 ). 


The location of melanocytes in the matrix is directly related to the locatio 
matrix and do not cross the lunula (73 ). Longitudinal melanonychia in Al 
nail change 
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can be related to the zidovudine oral treatment, in other cases it seems | 
melanocyte-stimulating hormone (i+-MSH) (79 ). Cancer chemotherapeut 
probably the most frequently observed nail abnormality. The mechanism 
but this is most probably due to increased melanogenesis in matrix mele 
onychomedesis are the result of nail matrix toxicity and can be seen afte 
manifested in apparent leuconychia or onycholysis, may be seen in associ 
by concurrent thrombocytopenia. Acute paronychia has also been describe 


Figure 2.19 Melanocytes of the lunula, not staining with cytokeratin anti 
location in basal and suprabasal epithelial layers (cytokeratin antibody, Ê 


Langerhans and Merkel Cells 


Langerhans and Merkel cells have also been identified in the matrix (70 ) 
Langerhans cells in the nail matrix are almost absent. Nevertheless, inter 
published. Moll and Moll (81 ) studied the Merkel cells (MCs) in ontogene 
cytokeratins 18 and 20 in human fetuses of 9 to 22 weeks of life. These 
early (nine weeks) in the matrix primordium. However, MCs were found tc 
only seen in the proximal nail fold at 12 to 15 weeks and were essentiall) 
bed in the adult. 


Lunula 


The intermediate matrix continues forward with a visible, white half-moon- 
linked to a well-defined area in the underlying dermis with a specific his 
cannot be seen in some fingers but is most visible in the thumbs. The ty, 
area. Lewin (34 ) confirmed that the opacity of the proximal nail plate, t 
loose texture of the dermal collagen are responsable for its color. Samma 
keratinization in the nail plate and loose connective tissue in the underlyit 


thinner in the lunula because it coincides with the keratogenous zone, the 
cells form the nail plate. The length of the subnail matrix area distal to tt 
the length of the lunula (85 ). 


Other special histologic features of this zone of the matrix, including a di 
distribution of the dermal fibers, have been related to the typical white co 
has been confirmed. We do not even know the exact function of the lunul 


Nail Bed 


The nail bed begins where the intermediate matrix ends, and some author 
). A histologic appreciation of the end of the intermediate matrix and the 
epidermal layer is usually a flat epithelium no more than three- or four-c 
). The transition zone from living keratinocytes to dead ventral nail plate 
layer in a manner very similar to what occurs in the Henle layer of the in 


During its early development, the nail bed exhibits a keratinization proces 
at 17 to 20 weeks of development. However, after birth, the nail bed, likt 
active than the matrix, with a longer turnover time than the matrix and s 
apparently dragged forward by the nail plate growing over it rather than 


In the nail bed, the dermis fits into the longitudinal and parallel nail bed 
the nail bed run in these parallel dermal ridges, and disruption of these | 
normal and disease states (42 ). There is no fat tissue in the nail bed, a 
microscopically. 


Figure 2.21 Melanocytes are absent in the nail bed (cytokeratin antibody 


a 


The nail bed epidermis moves distally toward the hyponychium. The cells 
lunula, so close together that they may be confused as belonging to one 


help explain why during development the nail bed epidermis seems to lo 
direction concomitantly with the formation of the primitive nail plate (89 


In some pathologic states, the nail bed shows a granular layer in which tt 
in onychogryphosis, pachyonychia congenita, and psoriasis (90 ); in thes 
and give it a claw-like appearance. 


Glycogen 


Mucopolysaccharide 


++ b+ + 
I+ 


+ 


Ribonucleic acid 
if 
+ 
+ 


Sulfhydryl 


++ 
++ 


groups 


Acid phosphatase 


+ 


It I+ 


++ DD 


+ 


+++ 


Alkaline 


phosphatase 


+ 


a 
Amylophosphorylase 
ae 
+ 
4 


Cholinesterase 


+ 
a Baran R. Dawber RPR, eds. Diseases of the Nail and Their Management. 
Spearman RI. The histochemistry of the human nail. Arch Dermatol 196 


Matrix Nail Bed Nail Plat 


Basal Malpighian 
Dorsal Intermediate Layer Layer Ventral Intermedi 


Table 2.3 Histochemistry of the Nail 2 
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Figure 2.22 Detail of the nail bed zone. The epithelium shows a few acti 
it is possible to observe larger vessels than in the normal skin. 


Histochemical studies of the nail bed prove the presence of bound phosph 
can be detected in the transition zones: acid phosphatase and nonspecific 
(39 ,56 ). 


Immunohistochemical studies have demonstrated that nail bed expressed 
basement membrane. In particular, there was normal expression of the | 
pemphigoid antigens, and the Î+6Î24 integrin. There was also normal exp 
laminin. Sinclair et al. (91 ) pointed out that the dermal-associated come 
antigen, the extracellular matrix glycoproteins chondroitin sulphate, type \ 
poorly characterized antigen for LH24 and LH39 were all normally express 
nail fold, nail matrix, and hyponychium. 


The presence of antimicrobial peptides in nails (mainly cathelicidin LL-37, 
against relevant nail pathogens) may account for the ability of the nail ur 
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in the absence of direct access to the cellular immune system (92 ). 


Figure 2.23 Panoramic view of the hyponychium (cytokeratin stain, A—1 


a 


Hyponychium 


The most distal portion of the nail bed is the hyponychium, representing t 
2.23 ); its histologic characteristics are rather peculiar. This transition zor 
millimeters because the epithelium undergoes keratinization similar to that 
acanthosis and hyperplasia with the crests oriented almost horizontally; tt 
area of abundant keratohyalin granules is present, and the horny layer pr 
plate, producing a keratin horn similar to the cuticle. The hyponychium is 
,13 ) and of all epidermis in the embryo (93 ). The function of this anato 
protect it from external agents (94 ). If this structure fails, dermatophyte 


Figure 2.24 Hyponychium zone. The most important feature of this zone 
plate. 


B 


Figure 2.25 Detail of the hyponychium zone. Note the great keratin layel 
epithelium shows an acanthotic aspect, with transversal papillae. 


Terry (41 ) describes an intermediate zone between the nail bed and the 
speculated that this area, normally from 0.5 to 1.5 mm wide, had a blood 
later confirmed by other authors (42 ). For this reason, the color is paler 
translucent quality. The onychodermal band occasionally changes its color, 


Lateral Nail Folds 


The lateral nail folds have a structure similar to the adjacent skin but ar 
sebaceous units. Acanthosis and hyperplasia of the epithelium are present 
the nail folds proceeds by keratohyalin formation in the granular layer (Fi 
contribute to the formation of the nail plate except in the most proximal 
the epidermis of the proximal nail fold or matrix. 


When the lateral border of the nail plate pathologically breaks this fold, 
onychocryptosis, a frequent pathologic alteration of the great toenail. 


Figure 2.26 Lateral nail fold. Observe its acanthotic epithelial layer and | 
(cytokeratin antibody, A—4). 
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Immunohistochemistry of the Nail Unit 


Nail Plate 


The cornified envelope of the epidermis is formed by several precursor 
sciellin, 195-kDa protein, keratin, and fillagrin. Baden and Kvedar (96 ) 
is present in the nail fold and proximal matrix, and sciellin is detectable il 
human nails (which contain hard keratins), the use of immunofluorescenc 
have shown that trichohyalin, a 200-kDa protein of the inner root sheath 
the nail bed; a few scattered cells stained for trichohyalin were observed 


Heid et al. (98 ) studied the keratin expression patterns observed in the | 
from both skin- and hair-type differentiating cells. Kitahara and Ogawa (9 
nail matrix. Because AE13 antibody recognized hard keratins that are chë 


adult nail develops in such a way that hair-type differentiation is confined 
results (100 ,101 ). 


Keratinocytes 


Expression of keratins in the different compartments within the nail unit | 
,L04 ,105 ,106 ,107 ,108 ,109 ,110 ,111 ,112 ). The characteristics of tr 
to our understanding of the biology of the normal nail and changes seen 


Analysis of human nail plate by gel electrophoresis demonstrates a range 
formerly (see Genetics and Nail Keratins ). Soft, or epithelial, keratins r 
from human skin but constitute only 10 to 20% of the keratin found in na 
differentiation, exist in the same acid-base heterodimer configuration as 

Molecular classification of hard keratin proteins on gel electrophoresis des 
(Hax and Hbx) proteins, all of which are probably present in human nail ( 
into at least seven type | Ha keratins and six type II Hb keratins. Further 
addition to the hard keratins, epithelial keratins isolated from the nail plat 
nail (102 ,103 ) (Figure 2.27 ). 


Hal is one of the major hard keratins found in nail, where hard keratin re 
and K10 were also detected in the nail. Since Berker et al. (102 ) have 1 
K1 and K10 in the keratogenous zone of the ventral matrix, this feature \ 


Keratins K6, K16, and K17 are normally found in hyperproliferative epiderr 
of proliferative compartments in the nail unit suggest that the nail bed is | 
ventral aspect of the proximal nail fold and not the nail bed is the source 
bed provides K17. Keratin K14 is synthesized in the basal layer, and K14 
noted in other tissues. However, the marker of basal keratin conformation, 
unusual and may reflect the absence of the expression of the suprabasal | 
epitopes detected by LH6 in normal stratified epithelium. This persistence ¢ 
hair follicle; because this is also the site of expression of K16, K6, and K1 
nail bed and outer root sheath (107 ). However, expression of K1 and K1( 
Superficial to the level of the sebaceous gland. 


The absence of K1 and K10 from the nail bed correlates with a reduction 
in mucosal epithelium in combination with the presence of K16 and K17. 
of K4 and K13, which was absent in the nail bed (108 ). The exact signifi 


Ventral proximal nail fold: Nail bed: 
suprabasal Suprabasal 


SX KA, KIO, K16, KE QT K6. KIT 
in 
basal pattern of LHG 
panepi dermal 


K6, K14, LH6 
C46 antibody to K7/K17 


Digit pulp: 
K6, K16 


Metrix tip: basal pattern of LH6 


K7, KB, K17, K18 panepidermal 


K17 
Ki4 
basis ds i suprabasal normal expression of 
mall clusters o K1, K10, K14, LHG 


celis in some cases K1, K10, Ha- 1 
in digit pulp 


A 


Figure 2.27 Keratin expression in the normal nail unit: markers of regic 
De Berker D, Wojnarowska F, Sviland L, Westgate GE, Dawber RPR, Leigh 
regional differentiation. Br J Dermatol 2000; 142:89â€“96. 
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Additional molecular studies have demonstrated the homology between ha 
was originally identified as an orphan G-protein coupled receptor (oGPCR) 
(GPCR5B, GPCR5C, and GPCR5D) have since been classified into the RAIG: 
distribution of GPCR5D and its mechanism of expression by in situ hybridi 
tongue. They found that GPCR5D is expressed in differentiating cells that 
shaft, the keratogenous zone of the nail, and in a central region of the f 
in hair follicles during mid- and late anagen, and catagen but not at telc 
trans retinoic acid, induces GPCR5D expression in cultured hair bulb cells. 
relationship with hard keratins that constitute the major structural protein 
GPCR5D on acid hard keratins. 


Analyses of cultured cells showed that transient overexpression resulted | 
gene expression. The expression was maintained in the hair follicles of wl 
regulated by a signal pathway different from that of hair keratin synthesi: 
molecular mechanisms of GPCR5D function in hard keratinization. 


For the expression of hard keratin by matrical keratinocytes is primordial 
demonstrated that, even in nonda€“nail-matrical keratinocytes, expression ¢ 
fibroblasts. These investigators constructed three different skin equivalents 
digit) were cocultured with ventral fibroblasts (group A); (b) ventral ker 
(group B); and (c) nail-matrical keratinocytes were cocultured with vent 
with antihard keratin antibody (HKN-7) revealed hard keratin expression i! 
continuously in the entire epithelial strata or in the suprabasal layer in c 
spottily in group C. This study indicated extrinsic hard keratin induction 
fibroblasts and suggests that nona€“nail-matrical epidermal grafts may be 
In addition, it is possible that lost nails could be reconstructed with graf 


Human carcinoembryonic antigen (CEA) and CEA-related molecules play an 
Egawa et al. (111 ) demonstrated that a CEA family antigen with NCA (( 
nail. A strong expression of the NCA-like antigen was only seen in the ke 
the major central portions of the nail bed, to which the nail plate is firml 
of the nail bed and was absent in the nail matrix, the hyponychium, and 
plate is firmly bonded to the nail bed, less so proximal to the matrix mari 
the same speed as the nail plate, indicating that the bed epithelium has a 


Plasminogen activator inhibitor type 2 (PAI-2) was detected in the differen 
authors, using transfected cell lines that express high levels of PAI-2, ha 
programmed cell death. This consistent, selective distribution of PAI-2 in 
keratinization and death suggests that (a) PAI-2 may be considered as a 
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(b) PAI-2 is appropriately positioned to protect epithelial cells from premé 


Merkel Cells 


Lacour et al. (113 ), in a double indirect immunofluorescence and immur 
Troma-1, have only found MCs in the proximal nail fold of the adults, wit 


Immunohistochemically, keratins K8 and K18 have been used as markers 
characteristics and are of uncertain function, although their prominence in 
been noted, and a role in ontogenesis has been proposed. The number ar 
the rete ridges of the digit pulp, suggested that these cells were MCs rat 


Melanocytes 


Tosti et al. (114 ) have recently studied the melanocyte characterization 
techniques. These authors found nail matrix melanocytes reacted with th 
recognize the tyrosinase-related protein-1, the tyrosinase-related protein- 
protein encoded by pMT4 (Table 2.4 ). This confirms that, even if norma 
enzymes responsible for the formation of melanin pigment (115 ). 


Expression of integrins in the nail matrix have been studied by Cameli et 
expression differ in nail matrix epithelium. In the nail matrix, these integri 
the fourth to fifth suprabasal layers, with suprabasal expression gradually 
As in the normal human epidermis, Î+1, Î+4, and [+5 integrins subunits < 
1, the ligand of LFA1, was negative in the matrix cells. The expression of 
indicates a very strong cohesion between nail matrix cells, thus probably 
development of a compact nail plate. Cultures of nail matrix cells may rey 
structure (117 ). 


Anti-PEP-1 

Tyrosinase- related protein-1 

Rabbit 

++ 

Anti-PEP-8 

Tyrosinase-related protein-2  (DOPA-chrome  tautomerasa) 

Rabbit 

+ 

HMB-45 

Glycoconjugate present in immature melanosomes 

Mouse 

++ 

TMH-1 

Tyrosinase-related protein encoded by pMT4 

Mouse 

+ 

a Tosti A, Cameli N, Piraccini BM, Fanti PA, Ortonne JP. Characterization 
and HMB-45 antibodies.) Am Acad Dermatol 1994;31:193a€“196. 


Antibody Reactive to Species Nail Matrix Melanocytes 


Table 2.4 Immunostaining of Human Nail Melanocytes @ 


Ultrastructural Anatomy 


Very few studies of the normal ultrastructural morphology of the nail exis 
varied difficulties (70 ): (a) achieving proper fixation and 

P.46 
adequate penetration of epoxy resin into the nail plate; (b) obtaining ult 
beam necessary to penetrate through extraordinarily hard tissue (because 


Basal membrane zone 


Basal layer 


Suprabasal layer (Ventral 


++ 
++ 


Suprabasal layers (Dorsal 


+ 
+ 


+ 
+ 
Keratogenous zone 


matrix) 


matrix) 


a Cameli N, Picardo M, Tosti A, Perrin C, Pisani A, Ortonne JP. Expression 
1994;130:583a€"“588. 


Alpha-1 Alpha-2 Alpha-3 Alpha-4 Alpha-5 Alpha-6 Alph 


Table 2.5 Integrin Expression in Human Nail Matrix @ | 


The proximal end of the human toenail is composed of several layers of 
make the distinction between a proximal dorsal, apical, and ventral matri: 
them. They found that the cells composing the proximal matrix were: (a) 
lamina; (b) relatively large, round, or polygonal squamous cells filling the 
Langerhans cells; and (e) Merkel cells. 


Moreover, there exists a system of attachment to the dermis, showing the 
elongations that interdigitate with the papillary dermis (Figure 2.28 ). Tr 
bundles of very fine fibrils (11 to 12 Aum). The subjacent dermis of the 
fibers, with abundant basic matrix. 


The basal cells are very active, with frequent mitotic figures. They showe 
slender projections (villi) intricately interdigitated with neighboring cells. T 
interposition of the nuclear clear zone in which the majority of mitochor 
located. The suprabasal matrix cells are also round, with frequent mitotic 
oriented axiodistally, suggesting the direction of their migration. Large in 
cells. The extensive interdigitation of the peripheral villi as seen in the tł 
alone connected these cells (Figures 2.29 and 2.30 ). 


Figure 2.28 Ultrastructural appearance of the dermoepidermal junction of 
accentuated digitiform distribution, with multiple intermediate filaments 


m 


Figure 2.29 Detail of the basal layer of the matrix. Extensive condensati: 
normal skin at this epidermal level (A—12,000). 


Abundant desmosomes can be seen in the intermediate layers with high 
intermediate layer of the nail matrix is similar to the upper layers of the 
organelles, and their cytoplasm is nearly filled with tonofibrils. For this re 
three to four cellular lines to completely keratinized corneocytes. 


Other Tissues of the Nail Unit 


Dermis 


The dermal component of the nail structures is a very specialized tissue, | 
closely associated with its vasculature and nerve supply. There is no sub 


Dermis, epithelium, and nail plate in the nail bed present special histologi 
dermis is very thick with a dense collagen layer. These fibers are vertically 


and inclined at an angle of 45 degrees in the zone adjacent to the hypony 
P.47 

Their mission is to attach the nail plate directly with the phalangeal perio: 
firmly attached to each other, more so than the nail plate to the matrix, 

longitudinal ridges and furrows of the nail surface of the nail plate. The 

arrangement of papillary dermal papillae and epidermal rete ridges. This 

this arrangement is appreciated as a serrated interdigitation of the ventral 
be seen very well macroscopically just after avulsion of the nail plate, bu 
scanning electron microscope (Figures 2.34 and 2.35 ) (89 ). 


Figure 2.30 Detail of the desmosomal junctions of the suprabasal layer. 
epidermis (A—12,000). 


a 


Figure 2.31 Intermediate stratum of the matrix epithelium. The intermec 
the nail matrix (A—4400). 


Figure 2.32 Collagen fibers of the proximal nail bed. Observe the pecu 


There are few studies about the nerve supply of the nail. The matrix and 
(118 ) and Meissner corpuscles (119 ). Intraepithelial nerve fibers were  ¢ 
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of this century (118 ), but other authors (120 ) were unable to confirm 
for digit-tip regrowth, the major nerve supply is not needed but the nail 
have been shown to produce Msx, a transcription factor associated with li 
that nail bed epithelium, acting like an inductive wound epithelium in nev 
for those generated by nerve in newt limbs (124 ). 


Figure 2.33 Collagen fibers of the distal nail bed. Observe the peculiar 


m 


Ki 


Figure 2.34 Transverse section of the nail plate. Note the serrated lower 


m 


The hyponychium is the area with greater abundance of nerve endings of 
corpuscles, as in the lateral nail folds (120 ). This histologic feature gives 
the finger. 


Bone 


The nail apparatus includes the subjacent bone. Although the bone has be 
postamputational repair following digit-tip amputation revealed an unexpe 
In this way, Zhao and Neufeld (123 ) have studied this relationship, obser 
distal levels, and, conversely, when the nail was surgically retained, bone 


= 


Figure 2.35 Avulsed nail plate. Observe the sinusoidal form of the nail b 


Blood Supply 


The nail has a rich vascularization that deserves separate mention. The ar 
from paired digital arteries. The most important studies have been publish 
et al. in 1991 (126 ), concluding that the main supply passes into the pul 
the digit. An accessory supply arises further back on the digit and does r 
three characteristic anatomic features: arched anastomotic arteries in the 
to supply the rete (127 ), and the great tortuosity of the arterial architec 
arteries possess inner longitudinal and outer circular coats of smooth mus 
diameter of 5 Aum) to measure the distribution of Po2 in dermal papillae 
developed by Wang et al. (128 ). 


The vasculature in the nail bed is unique in that it must supply a vascula 
bone. Studies with scanning electron microscopy revealed special vascular 


and perionychium, the vascular villi followed the direction of nail growth. | 
wide-mesh > 


net of capillaries was evident. In the nail bed, the vessels were arranged 
the digit. In the root of the nail, many columnar vessels characterized by 
observed. 


Figure 2.36 Vascular system of the nail bed. This zone has a rich vascu 
arched arteries of the deep dermis) (MF stain,A—47). 


Figure 2.37 Detail of the rich vascular supply of the nail bed (reticulin : 


The venous drainage is achieved by two veins, one on each side of the nē 
network is easily seen in the proximal nail fold with a magnifying lens an 
microscope. It is essentially the same as the network of the skin, but the 
their length. Certain diseases (e.g., connective tissue disorders, macro 
syndrome) can modify its normal structure and a simple clinical examinati 
as an aid in diagnosis (130 ,131 ,132 ,133 ). A special vascular formation 
bodies. This vascular structure has the mission of regulating the peripheri 


Nail Growth 


The rate of growth of the nail plate has been studied extensively. Normal 
to 4.4 mm per month (135 ,136 ). This growth, however, is not the same 
than toenails. Whereas a normal fingernail grows out completely in approx 
to do the same (83 ). Nails grow faster when regenerating after avulsion 


Several physiological circumstances can cause variations in the nail growt 
the day, during pregnancy (137 ), in persons who bite their nails (43 ), a 
grow more slowly in females, during the night, in toes, in winter, after ag 


Nail growth is also altered in several diseases (Table 2.6 ) (140 ,141 ,14: 
pityriasis rubra pilaris (94 ), etretinate treatment (141 ), and hyperthyroi 
paralysis (142 ), local ischemic conditions (135 ), cytostatic therapy (39 , 
nail syndrome (144 ). In the case of a sudden decrease in nail growth, fc 
appear afterward, depressed in the proximal line called Beau's line. Howe 
Support the hypothesis that slow nail growth rate is a predisposing factor 
from healthy nail bed may also be related to the adherence of the overlyi 
as the suprabasal layer of the nail bed, containing keratins not produced 
properties associated with K1, K10, and Hal. The presence of these overl 
layer and associated absence of K1 and K10. In diseases such as onychor 
granular layer forms alongside expression of K1 and K10. (99 ,100 ,101, 


The rate of growth of the nail plate is determined by the turnover rate of 
incorporate tritiated thymidine in their nuclei; the cells appear to be inca; 
nail does not grow (88 ). Previous reports of nail growth after death are, 
postmortem drying and shrinking of the soft tissues around the nail plate, 


The question of where the nail plate is formed is still controversial (147 ) 
toward a complete formation by the matrix (148 ). Years later, Lewis (8 ` 
three different matrices on the basis of staining of the nail plate with a 
Lewis's hypothesis was supported by differential staining of the nail plate 
,71 ,72 ), and by ultrastructural observation of keratohyalin granules in e 
extensively reviewed. Zaias and Alvarez (88 ) used radioautography to sh 
in normal conditions; Samman (149 ) and Norton (147 ) confirmed it by 
in 
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human toenails; and Caputo and Dadati (46 ) reported that, ultrastructura 
evidence of formation from three different matrices. To add one final bit 1 
under normal conditions the nail plate is made exclusively by the matrix, 
nail to the undersurface of the nail plate. Finally, Kato (150 ) published a 
growth. In this case, the proximal nail fold promotes upward growth of the 


Men 

Women 
Psoriasis 

Fever 

Daytime 

Night 

Pityriasis rubra pilaris 
Poor nutrition 
Summer 
Winter 
Hyperthyroidism 
Hypothyroidism 


Pregnancy 

First day of life 

A-V shunts 

Decreased blood supply 
Third digit 


First and fifth digits 
Idiopathic onycholysis in women 
Kwashiorkor 


Right hand* 

Left hand* 

Epidermolytic hyperkeratosis 
Beau's lines 

Youth 

Old age 

Hyperpituitarism 
Denervation/Immobilization 
Nail biting 


Morgagni- Stewart- Morel sd. 
Acute infection 
Avulsion 


Brittle nail sd. 
Chronic disease 


Medications: calcium, vitamin D, benoxaprofen, biotin, cysteine, oral cc 
etretinate 

Smoking 

Onychomycosis 

Yellow nail sd. 

Lichen planus 

Relapsing polychondritis 

Medications: methotrexate, azathioprine, cyclosporine, lithium, retinoids, 
*In a person's dominant right hand. 


Physiological Pathological 


Increased Decreased Increased Decreased 


Table 2.6 Physiological and Pathological Variations that Influence 


Some recent authors believe that the nail bed epithelium produces a signi 


bed in the generative portion of the nail (151 ). Interestingly, indirect imr 
anti-type | and II hair keratin antibodies revealed a positive staining in a 
However, exclusion of hair keratins hHal, hHb5, hHb1, hHb6 and hHa4 fr 
as the sole origin of the nail plate (152 ). It has previously been speculat 
the nail bed epithelium to the underside of the nail plate. Although our s 
positive nail bed cells in the lower nail plate, we believe that these cells 
stained for either K5/17 or hHb5, show that the boundary between the ni 
and that the resulting narrow-spaced folds and ridges exhibit a distinctly 
deviations from a vertical angle of section through the nail bed region ma 
stem from the tip of an adjacent epithelial fold of the bed epithelium. Cc 
does not actively contribute to the formation of the nail plate. (Figure 2.: 


An important controversy is why nails grow out instead of up. Kligman (1. 
groove forced the cells of the matrix to grow out. To confirm his theory | 
vertical cylinder of hard keratin that had histologic characteristies of the 1 
matrix cells in embryonic nail was directed upward and distally. 


Another important question is why the nail bed accompanies the nail plate 
occurs between the plate and bed will grow forward with the plate. If the 
move; therefore, the upper part of the bed must move out with the plate. 
and Zaias (84 ), tried to study this phenomenon in an experimental way. 
present: he believes that the proximal nail bed moves out, either by pres: 
distal nail bed and hyponychium do not move. Similarly 
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controversial is the existence of a thin dorsal nail plate, which has been 
the nail plate (156 ); a differential distribution of phospholipid, sulfhydryl, 
observations (118 ). Moreover, the keratin pattern of the thin dorsal nail 
hair keratins aS a major constituent and the epithelial keratin pairs K5/K1 
low amounts of K1/10 (152 ). 


Dorsal nail plate 


Intermediate nail plate 


Ventral nail plate 


Figure 2.38 Schematic diagram of nail growth. 


Handling and Processing of the Nail 


The major problems of processing the nail unit are the difficulty of tissue 
specimen. These problems are the reason for the small number of histolc 


The first important point is how to take a biopsy of the nail unit (153 ,15: 
The best way of studying a biopsy of the nail is to ascertain that it incluc 
plate, bed, and subjacent dermis); these can be sectioned transversely. If 
through the nail plate and into the underlying tissue to obtain a specimen 
plate before taking the biopsy, special care has to be taken about nail av 
epithelium of the bed or matrix may become separated and the undersurfi 
histopathologic picture. The ideal biopsy technique for the nail is a longit 
nail bed, matrix with overlying plate, and the proximal nail fold and cuticle 
apparatus or from the lateral edge (161 ,162 ), or it may be modified to 
,164 ). 


The second point is the orientation of the specimen for cutting. In all cas 
submission form as to the way the specimen was obtained, whether a par 
plate is included. 


The third point is how to treat the specimen in the laboratory. If the nail 
cutting with a microtome unless some method of softening is used. A spe 
leave the plate softer (161 ). Alternatively, the specimen can be placed ir 
(162 ). Another helpful technique for softening the hard keratin of the nai 


e Fix specimen in 10% formalin for 24 hours. 


e Place specimens in the following solution until completely dekeratinizec 


o Mercuric chloride 


4.0 g 
o Chromic acid 


0.5 g 
o Nitric acid, concentrated 


10.0 mL 
o Ethyl alcohol, 95% 


50.0 mL 
o Distilled water 


200.0 mL 


e Wash in running water for three hours. 


e Dehydrate, clear, and impregnate with paraffin, 


or process as desired 


With this technique, the preservation of the cytologic characteristics of the 
good as with the previous one, but it is very helpful for softening the hai 
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Breast 


Laura C. Collins 
Stuart J. Schnitt 


Introduction 


Remarkable advances in breast imaging over the past decade have 
provided a variety of noninvasive means to assist in the evaluation of 
patients with breast disorders (1,2,3,4). Nevertheless, at the present 
time, histologic examination of tissue specimens remains the 
cornerstone for the diagnosis of breast diseases, and an 
understanding of normal breast histology is essential for accurate 
evaluation of such specimens. It should be noted, however, that what 
constitutes a€cenormala€* histology in the breast varies according 
to gender, age, menopausal status, phase of the menstrual cycle, 
pregnancy, and lactation, among other factors. Therefore, 
determination of whether a given breast specimen is normal or shows 
pathologic alterations must take these variables into consideration. 


Embryology 


Development of the human mammary gland begins during the fifth 
week of gestation, at which time thickenings of the ectoderm appear 
on the ventral surface of the fetus. These mammary ridges, also 
known as milk lines, extend from the axilla to the groin. Except for a 


small area in the pectoral region, the bulk of these ridges normally 
regress as the fetus continues to develop. Failure of regression of 
other portions of the milk lines can result in the appearance in 
postnatal life of ectopic mammary tissue or accessory nipples 
anywhere along the milk lines; this phenomenon is most commonly 
encountered in the axilla, inframammary fold, and vulva (5,6,7). 


The earliest stages of breast development are largely independent of 
sex steroid hormones (8). After the fifteenth week of gestation, the 
developing breast exhibits transient sensitivity to testosterone, which 
acts primarily on the mesenchyme. Under the influence of 
testosterone, the mesenchyme condenses around an epithelial stalk 
on the chest wall to form the breast bud, the site of mammary gland 
development. Solid epithelial columns then develop within the 
mesenchyme, and these ultimately give rise to the lobes or segments 
of the mammary gland. Portions of the fetal papillary dermis encase 
the developing epithelial cords and eventually give rise to the 
vascularized fibrous connective tissue that surrounds and invests the 
mammary ducts and lobules. The more collagen-rich 
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reticular dermis extends into the breast to form the suspensory 
ligaments of Cooper, which attach the breast parenchyma to the 
skin. Portions of the mesenchyme differentiate into fat within the 
collagenous stroma between the twentieth and thirty-second weeks 
of gestation. During the last eight weeks of gestation, the epithelial 
cords canalize and branch, forming lobuloalveolar structures as a 
result of mesenchymal paracrine effects. A depression in the 
epidermis, the mammary pit, forms at the convergence of the 
lactiferous ducts. The nipple forms by evagination of the mammary 
pit near the time of birth. 


During the last few weeks of gestation the fetal mammary gland is 
responsive to maternal and placental steroid hormones, and, as a 
result, the epithelial cells in the acinar units exhibit secretory 
activity. At the time of birth, withdrawal of the maternal and 
placental sex steroids stimulates prolactin secretion, which in turn 


stimulates colostrom secretion. At this time, both male and female 
neonates exhibit palpable enlargement of the breast bud. As the 
serum levels of maternal and placental sex steroid hormones and 
prolactin decline during the first month of life, secretory activity 
ends, and the gland regresses and becomes inactive. At this stage, 
and until puberty, the breast consists primarily of lactiferous ducts 
that exhibit some branching without evidence of progressive alveolar 
differentiation, although some rudimentary lobular structures may 
persist. 


Another feature that may be seen in the fetal breast is 
extramedullary hematopoiesis, and this may persist in the  periductal 
stroma until 4 months of age (9) (Figure 3.1). 


Figure 3.1 Breast tissue from an infant showing ducts embedded 
in a loose connective tissue stroma. The stromal mononuclear 
cells are hematopoietic elements, indicative of persistent 
extramedullary hematopoiesis. (Courtesy of Theonia Boyd, M.D, 
Children's Hospital, Boston, MA) 


Adolescence 


Adolescent breast development in the female begins with the onset of 
puberty and the cyclic secretion of estrogen and progesterone. 
However, a variety of other steroid and peptide hormones are also 
required for proper mammary gland development (8) (Table 3.1). 
The ducts elongate, branch, and develop a thickened epithelium due 
primarily to the influence of estrogen (10) (Figure 3.2). The process 
of ductal growth and branching is largely independent 
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of progesterone. There is an increase in the density of periductal 
connective tissue, also as a result of relative estrogen dominance. 
Deposition of stromal adipose tissue occurs, and it is this adipose 
tissue that is largely responsible for the enlargement and protrusion 
of the breast disk at this time. Cyclical exposure to progesterone 
following exposure to estrogen during ovulatory cycles promotes 
lobuloacinar growth, as well as connective tissue growth. Although 
the majority of breast development occurs during puberty, this 
process continues into the third decade, and terminal differentiation 
of the breast is only induced by pregnancy. 


Table 3.1 Major Steroid and Peptide Hormonal Influences on | 
the Breast (Adapted from Mccarty and Nath (8) ) 


Hormone Effects 


Estrogen Required for ductal growth and 
branching during adolescence 
Required for lobuloalveolar growth 
during pregnancy 
Required for induction of progesterone 
receptor 
Not necessary for maintenance of 


Progesterone 


Testosterone 


Glucocorticoids 


Insulin 


Prolactin 


Human placental 
lactogen 


secretion or lactation 


Required for lobuloalveolar 
differentiation and growth 

Probable mitogen in normal 
estrogenprimed breast 

Not necessary for ductal growth and 
branching 


Stimulates breast mesenchyme during 
fetal development 

Causes mesenchymal destruction of 
mammary epithelium during critical 
period of testosterone sensitivity 


Required for maximal ductal growth 
Enhances lobuloalveolar growth during 
pregnancy 


Enhanced ductal-alveolar growth 
Enhances protein synthesis in mammary 
epithelium 

Required for secretory activity (with 
glucocorticoids and_ prolactin) 


Stimulates epithelial growth after 
parturition 

Required for initiation and maintenance 
of lactation 


Able to substitute for prolactin in 
epithelial growth and differentiation 


Stimulates alveolar growth and 
lactogenesis in second half of pregnancy 


Growth hormone Required for ductal growth and 
branching during adolescence 
May contribute to lobuloacinar growth 
during pregnancy 


Thyroid hormone Increases epithelial response to 
prolactin 
May enhance lobuloacinar growth 
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Figure 3.2 Adolescent breast tissue composed of branching 
ducts with rudimentary lobule development (type 1 lobules). The 
stroma consists a mixture of fibrous connective tissue and 
adipose tissue. A. Scanning magnification. B. High power. 


The adolescent male breast is composed of fibroadipose tissue and 
ducts lined by low cuboidal cells. 


The Adult Female Breast 


The size of the breast is greatly influenced by the individual's body 
habitus since the breast is a major repository for fat; it can range in 
size from 30 g to more than 1000 g. The breast lies on the anterior 
chest wall over the pectoralis major muscle and typically extends 
from the second to the sixth rib in the vertical axis and from the 
sternal edge to the midaxillary line in the horizontal axis. Breast 
tissue also projects into the axilla as the tail of Spence. The breast 
extends laterally over the serratus anterior muscle and inferiorly 
over the external oblique muscle and the superior rectus sheath. The 
breast lies within a space in the superficial fascia, which is 
continuous with the cervical fascia superiorly and the superficial 
abdominal fascia of Cooper inferiorly. The only boundary of the 
breast that is anatomically well-defined is the deep surface where it 
abuts the pectoralis fascia. However, despite this macroscopic 
demarcation, microscopic foci of glandular tissue may extend into 
and even through the pectoral fascia and may traverse the other 
anatomic boundaries described above. The clinical significance of this 
observation is that even total mastectomy does not result in removal 
of all glandular breast tissue. Bundles of dense fibrous connective 
tissue, the suspensory ligaments of Cooper, extend from the skin to 
the pectoral fascia and provide support to the breast. 


The adult female breast consists of a series of ducts, ductules, and 
lobular acinar units embedded within a stroma that is composed of 
varying amounts of fibrous and adipose tissue. The stroma comprises 
the major portion of the nonlactating adult breast, and the relative 
proportions of fibrous tissue and adipose tissue vary with age and 
among individuals (Figure 3.3). 


The ductal-lobular system of the breast is arranged in the form of 
segments, or lobes. While these segments can be readily appreciated 
by injecting the ductal system with dyes or radiologic contrast agents 
(Figure 3.4), they are anatomically poorly defined, and no obvious 
boundaries can be appreciated between these segments during 


surgery, upon gross inspection of mastectomy specimens, or on 
histologic examination. In addition, these segments show 
considerable individual variation with regard to their distribution, and 
the ramifications of individual segments may overlap. The segmental 
nature of some neoplastic processes in the breast, particularly ductal 
carcinoma in situ, is now widely appreciated, and surgical resection 
of the involved segment is an important therapeutic goal. 
Unfortunately, since it is not possible for the surgeon to define intra- 
operatively the boundaries of the involved segment, performing a 
a€cesegmentectomya€* to remove the entirety of a diseased 
segment is at this time more of a theoretical concept than a 
practically attainable goal. 


Figure 3.3 The stroma is the predominant component of the 
nonlactating breast and consists of varying amounts of collagen 
and adipose tissue. A. Low-power view of breast with dense, 
fibrotic stroma. B. Low-power view of breast with predominantly 
fatty stroma. 
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Each segment consists of a branching structure that has been likened 
to a flowering tree (11) (Figure 3.5). The lobules represent the 


flowers, draining into ductules and ducts (twigs and branches), 
which, in turn, drain into the collecting ducts (trunk) that open onto 
the surface of the nipple. Just below the nipple, the ducts are 
expanded to form lactiferous sinuses. The sinuses terminate in cone- 
Shaped ampullae just below the surface of the nipple. 


Figure 3.4 Ductogram (galactogram). Performed by injecting 
contrast material into an orifice of a lactiferous duct at the 
nipple, a ductogram demonstrates the complex ramifications of a 
single mammary ductal system (also known as a segment or 


lobe). 


The actual number of segments in the breast and their relationship to 
each other has long been a matter of debate. Most textbooks indicate 
that there are 15 to 20 ductal orifices on the nipple surface and 
suggest that this corresponds to the number of ductal systems, 
segments, or lobes in the breast (5,6,12,13). In contrast, a number 
of mammary duct injection studies have suggested that there are 
only between five and ten discrete breast ductal systems or 
segments in each breast. The discrepancy between the number of 
ductal orifices on the nipple and the actual number of breast 
segments or ductal systems may be explained by the fact that some 
of the orifices on the nipple represent openings of 
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sebaceous glands or other nonductal tubular structures that do not 
contribute to the ductal-lobular anatomy of the breast. Another 
possibility is that some lactiferous ducts bifurcate immediately prior 
to entering the nipple or end blindly (13). The issue of anastomoses 
between ductal systems is also unresolved. One recent study 
indicated that, while ductal systems may lie in close proximity to one 
another and even intertwine within a particular quadrant, they do not 
interconnect (13). However, anastamoses between ductal systems 
have been reported by others (14). 


Figure 3.5 Microanatomy of normal adult female breast tissue 
showing extralobular ducts, terminal ducts, and lobules, the 
latter composed of groups of small glandular structures, the 
acini. 


Figure 3.6 The mammary ductal-lobular system is lined by a 
dual cell population, an inner epithelial cell layer and an outer 


layer of myoepithelial cells. A. High-power view of a lobule. The 
myoepithelial cells Surrounding the acinar epithelial cells are 
variably conspicuous. B. High-power view of an extralobular 
duct, showing distinct epithelial and myoepithelial cell layers. 


The epithelium throughout the ductal-lobular system is bilayered, 
consisting of an inner (luminal) epithelial cell layer and an outer 
(basal) myoepithelial cell layer. The importance of this double cell 
layer cannot be overemphasized because it is one of the main guides 
used to distinguish benign from malignant lesions (15). The luminal 
epithelial cells of the resting breast ducts and lobules are cuboidal to 
columnar in shape and typically have pale eosinophilic cytoplasm and 
relatively uniform oval nuclei. These epithelial cells express a variety 
of low-molecular weight cytokeratins, including cytokeratins 7, 8, 18, 
and 19 (16,17,18,19,20). The outer (or myoepithelial) cell layer, 
although always present, is variably distinctive (Figure 3.6). 
Myoepithelial cells range in appearance from barely discernible, 
flattened cells with compressed nuclei to prominent epithelioid cells 
with abundant clear cytoplasm. In some cases, the myoepithelial 
cells have a myoid appearance featuring a spindle cell shape and 
dense, eosinophilic cytoplasm, reminiscent of smooth muscle cells 
(Figure 3.7). Even when inconspicuous on 
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hematoxylin- and eosin-stained sections, myoepithelial cells can 
readily be demonstrated using immunohistochemical stains for a 
variety of markers, including S-100 protein, actins, calponin, smooth 
muscle myosin heavy chain, p63, and CD10, among others 
(21,22,23) (Figure 3.8). However, these markers vary in both 
sensitivity and specificity for myoepithelium. Myoepithelial cells also 
express high molecular weight cytokeratins 5/6, 14, and 17 
(16,17,18,19,20,24). Recent work has documented the presence of a 
third cell type in normal breast tissue. These cells are dispersed 
individually and irregularly throughout the ductal-lobular system, 


express the basal cytokeratin CK5, and are thought to be progenitor 
cells capable of differentiating into both glandular epithelial cells and 
myoepithelial cells (19). However, the presence of such progenitor 
cells has not yet been universally accepted (25). 


Figure 3.7 Myoepithelial cells can vary in their histologic 
appearance. A. Myoepithelial cells in this lobule show prominent 
cytoplasmic clearing. B. In this lobule, the myoepithelial cells 
show myoid features. 


Figure 3.8 A. Extralobular duct and B. lobule immunostained for 
p63. The myoepithelial cells show strong nuclear reactivity, 
whereas the epithelial cell nuclei are negative. C. Double 
immunostain for smooth muscle actin (red cytoplasmic staining) 
and p63 (brown nuclear staining) highlight the myoepithelial cells 
around this mammary duct. Note the lack of staining of the 
epithelial cells for both p63 and smooth muscle actin. 


A basal lamina consisting of type IV collagen and laminin surrounds 
the mammary ducts, ductules, and acini (17,26). This basal lamina is 
present outside of the myoepithelial cell layer and serves to 


demarcate the breast ductal-lobular system from the surrounding 
stroma (Figure 3.9). Beyond the basal lamina, the extralobular ducts 
exhibit a zone of fibroblasts and capillaries. Elastic tissue is normally 
present in variable amounts around ducts and is generally more 
prominent in older than in younger women. Elastic fibers are not 
typically seen around the terminal ducts or acini. 


The lobule, together with its terminal duct, has been called the 
terminal duct lobular unit (TDLU). This represents the structural and 
functional unit of the breast. During lactation, epithelial cells in both 
the terminal duct and lobule undergo secretory changes. Thus, the 
terminal ducts are responsible for both secretion and transport of the 
secretions 
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to the extra-lobular portion of the ductal system (12). Subgross 
anatomic studies have shown that most lesions originally termed 
a€ceductala€* (e.g., cysts, ductal epithelial hyperplasia, and ductal 
carcinoma in situ) actually arise from the TDLU, which 
a€ceunfoldsa€* with coalescence of the acini to produce larger 
structures resembling ducts. The majority of pathologic changes in 
the breast, including in situ and invasive carcinomas, are generally 
considered to arise from the TDLU (11,27). Indeed, the only common 
lesion thought to arise from the large- or medium-sized duct rather 
than from the TDLU is the solitary intraductal papilloma (Figure 
3.10). 


Figure 3.9 |mmunostain for type IV collagen highlights the basal 
lamina around the acini of a lobule. 


The normal lobule consists of a variable number of blind-ending 
terminal ductules, also called acini, each with its typical double cell 
layer. The lobular acini are invested by a loose, fibrovascular 
intralobular stroma with varying numbers of lymphocytes, plasma 
cells, macrophages, and mast cells. This specialized intralobular 
stroma is sharply demarcated from the surrounding denser, more 
highly collagenized, paucicellular interlobular stroma and stromal 
adipose tissue (Figure 3.11). One feature of note that is sometimes 
encountered in the extralobular stroma is the presence of 
multinucleated giant cells (28). Their significance is unknown; and, 
while they may present a disturbing appearance, they should not be 
mistaken for the malignant cells of an invasive carcinoma (Figure 
3.12). 


Figure 3.10 A schematic representation of the breast, indicating 
the sites of origin of pathologic lesions. (Reprinted from 

Schnitt SJ, Millis RR, Hanby AM, Oberman HA. The breast. Mills 
SE, Carter D, Greeson JK, Oberman HA, Reuter VE, Stoler MH 
eds. Sternberg's Diagnostic Surgical Pathology. 4th ed. 
Philadelphia: Lippincott Williams & Wilkins; 2004; 323a€“398. 

) 


The size of mammary lobules and number of acini per lobule are 
extremely variable. Russo et al. (29,30,31) have described four 
lobule types. Type 1 lobules are the most rudimentary and are most 
prevalent in prepubertal and nulliparous women, comprising 65 to 
80% of the lobules in this group (Figure 3.2). These lobules are 
comprised primarily of ducts with sprouting alveolar buds. Type 1 
lobules gradually evolve to more mature structures (type 2 and type 
3 lobules) through the development of additional alveolar buds. The 
number of alveolar buds per lobule increases from approximately 11 
in type 1 lobules to 47 and 80 in type 2 and 3 lobules, respectively. 


In the parous, premenopausal woman, type 3 lobules are most 
prevalent, comprising 70 to 90% of the lobular elements. Type 4 
lobules are those seen during pregnancy and lactation. Of interest, 
Russo et al. (31) have reported that type 1 lobules predominate in 
the breasts of women with breast cancer, regardless of pregnancy 
history. They have also provided experimental evidence suggesting 
that type 1 and 2 lobules are more susceptible to malignant 
transformation than are type 3 lobules upon exposure to chemical 
carcinogens (32). It should be noted, however, that type 1, 2, and 3 
lobules commonly co-exist in the same breast and that the utility of 
distinguishing among them in clinical practice remains to be defined. 


The lobules exhibit morphologic changes during the menstrual cycle, 
and these are seen in both the epithelial 
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and stromal components (33,34,35,36). These changes are 
Summarized in Table 3.2. While the changes that occur during the 
menstrual cycle are variable among lobules in the same breast, even 
among immediately adjacent lobules, a dominant morphologic 
pattern is typically present in each phase. However, these menstrual 
cyclea€“related changes are subtle when compared with the dramatic 
alterations seen during pregnancy and lactation and when compared 
with the menstrual cycle-related changes seen in the endometrium. 


Figure 3.11 Intralobular and extralobular stroma. A. Low-power 
view of several lobules that are invested by loose, intralobular 
stroma. The interlobular stroma is composed primarily of dense 
collagen with admixed adipose tissue. B. Higher power view 
contrasts loose intralobular stroma with more collagenized 
interlobular stroma. 


Occasionally, the TDLU epithelial cells show prominent clear cell 
change in the cytoplasm. This may be seen in both premenopausal 
and postmenopausal women and appears to be unrelated to 
pregnancy or exogenous hormone use (37). 


Figure 3.12 Multinucleated stromal giant cells. A. Low-power 
view showing multinucleated giant cells scattered in the stroma. 
B. High power illustrates cytologic detail. These cells have a 
mesenchymal phenotype. Despite their worrisome histologic 
appearance, they have no known Clinical significance. 


The nipple-areola complex is a circular area of skin that exhibits 
increased pigmentation and contains numerous sensory nerve 
endings. The nipple is placed centrally and is elevated above the 
Surrounding areola. The tip of the nipple contains 15 to 20 orifices. 
However, as discussed earlier, the number of such openings may not 
correlate directly with the number of breast segments. In the 
nonlactating breast, these duct openings typically possess keratin 
plugs. The areola surface exhibits numerous small, rounded 
elevations, the tubercles of Montgomery. 
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Table 3.2 Histologic Changes in Lobules During the 
Menstrual Cycle (Adapted from Mccarty and Nath (8) ) 


Menstrual 


Cycle Acinar Intralobular 
Phase Epithelium Lumina Stroma 
Early Cells: single cell Largely Dense, 
follicular type (small, closed and cellular, 
polygonal cells inapparent with plump 
with pale fibroblasts 
eosinophilic cells); 
myoepithelial cells 
inconspicuous 
Orientation: poor 
Secretion: none 
Mitoses/apoptosis: 
rare 
Late Cells: three cell Well Less cellular 
follicular types, including defined and more 
luminal basophilic collagenized 
cells, intermediate than in 
pale cells (as seen early luteal 
in early follicular phase 
phase), and 
myoepithelial cells 
with clear 
cytoplasm 
Orientation: radial 
around lumen 
Secretion: none 
Mitoses/apoptosis: 
rare 
Early Cells: three cell Open, Loose 


luteal 


Late 
luteal 


types, including 
luminal basophilic 
cells with minimal 
apical snouting, 
intermediate pale 
cells, and 
myoepithelial cells 
with prominent 
cytoplasmic 
vacuolization and 
ballooning 
Orientation: radial 
around lumen 
Secretion: slight 
Mitoses/apoptosis: 
rare 


Cells: three cell 
types, including 
luminal basophilic 


cells with 
prominent apical 
Snouting, 
intermediate pale 
cells and 


myoepithelial cells 
with prominent 
cytoplasmic 
vacuolization 
Orientation: radial 
around lumen 
Secretion: active 
apocrine secretion 
from luminal cells 


enlarged 
compared 
to 
follicular 
phase, 
with slight 
secretion 


Open, with 
secretion 


Loose, 
edematous, 
congested 
blood 
vessels 


Mitoses/apoptosis: 
frequent (peak of 
mitotic activity) 


Menstrual Cells: two cell Distended Dense, 
types, including with cellular 
luminal basophilic secretion 


cells with scant 
cytoplasm and less 
apical snouting 
than in late luteal 
phase, and 
myoepithelial cells 
with extensive 
cytoplasmic 
vacuolization 
Orientation: radial 
around lumen 
Secretion: 
resorbing 
Mitoses/apoptosis: 
rare 


Both the nipple and areola are covered by keratinizing, stratified 
Squamous epithelium, and this extends for a short distance into the 
terminal portions of the lactiferous ducts. The epidermis of the 
nipple-areola complex may contain occasional clear cells that are 
cytologically benign and that must not be confused with Paget's cells 
(38,39) (Figure 3.13). Some of these cells represent clear 
keratinocytes, whereas others are thought to be derived from 
epidermally located mammary ductal epithelium (39). 


The proximal ramifications of the mammary ductal system that are 
present in the dermis of the nipple typically have a pleated or 


serrated contour (Figure 3.14). These ducts are surrounded by a 
stroma rich in circular and longitudinal smooth muscle bundles, 
collagen, and elastic fibers (Figure 3.15). Occasionally, lobules may 
be seen in the nipple (40). Simple mammary ducts are also present 
throughout the dermis of the areola, even at its periphery, and these 
may extend to within less than 1 mm of the basal layer of the 
epidermis (41). 


While the nipple-areola complex lacks pilosebaceous units and hairs 
except at the periphery of the areola, the dermis contains numerous 
sebaceous glands. Some of 
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these glands open directly onto the surface of the nipple and areola, 
whereas others drain into a lactiferous duct or share a common 
ostium with a lactiferous duct. The tubercles of Montgomery 
represent a unit consisting of a sebaceous apparatus and an 
associated lactiferous duct (42) (Figure 3.16). During pregnancy, 
these tubercles become increasingly prominent. Apocrine sweat 
glands may also be seen in the dermis of the nipple and areola. 


Figure 3.13 Clear cells in nipple epidermis. In some cells, the 
clearing is extreme, with formation of large intracytoplasmic 
vacuoles. These cells should not be mistaken for the cells of 
Paget's disease. 


Another finding that may occasionally be encountered within the 
breast parenchyma is the presence of intramammary lymph nodes 
(43,44). These lymph nodes may be identified as an incidental 
finding in breast tissue removed because of another abnormality, or 
they may be seen as densities on mammograms (45). 


Figure 3.14 Cross section through the nipple. The irregular, 
pleated or serrated contour of the nipple ducts is evident. 


Figure 3.15 High-power view of nipple dermis/stroma, 
demonstrating prominent bundles of smooth muscle fibers. 


Pregnancy and Lactation 


It is not until pregnancy that full development of the breast occurs in 
humans. During pregnancy, epithelial cell proliferation resumes. 
There is a dramatic increase in the number of lobules, as well as in 
the number of acinar units within each lobule secondary to epithelial 
cell proliferation and lobuloalveolar differentiation under the 
influence of estrogen, progesterone, prolactin, and growth hormone; 
growth is further enhanced by adrenal glucocorticoids and insulin. 
This lobular development and expansion occurs at the expense of 
both the intralobular and extralobular stroma. By the end of the first 
trimester, there is grossly evident breast enlargement, superficial 
venous dilatation, and increased pigmentation of the areola. 


During the second and third trimesters, lobular growth continues, 
and the acinar units begin to appear monolayered. The myoepithelial 


cells in the acini are difficult to discern at this time due to the 
increase in size and volume of the epithelial cells, but they remain 
clearly evident in the extralobular ducts. The cytoplasm of the 
epithelial cells becomes vacuolated, and secretion accumulates in the 
greatly expanded lobules. After parturition, the lactating breast is 
characterized by distension of the lobular acini as a result of 
accumulated abundant secretory material and prominent epithelial 
cell cytoplasmic vacuolization. Many of the epithelial cells have a 
bulbous or hobnail appearance and protrude into the acinar lumina 
(Figure 3.17). Myoepithelial cells remain attenuated and 
inconspicuous. The florid changes seen in pregnancy and lactation 
can be alarming to the inexperienced observer; areas of infarction, 
which occasionally occur in the pregnant breast, may compound the 
problem (46). 


When lactation ceases, the lobules involute and return to their 
normal resting appearance. Involution usually proceeds 
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unevenly and takes several months. Involuting lobules are irregular 
in contour and are frequently infiltrated by lymphocytes and plasma 
cells (47,48). Occasionally, an isolated lobule showing secretory 
changes may be seen in the breasts of women who are not pregnant. 
Although this is often called a residual lactating lobule, it may occur 
in the nulliparous woman as well. 


Figure 3.16 Montgomery's areolar tubercle. A. Low power view. 
B. Higher power view. These tubercles are units composed of a 
lactiferous duct and associated sebaceous gland. 


Menopause 


During the postmenopausal period, with the reduction of estrogen 
and progesterone levels, there is involution and atrophy of the 
mammary TDLUs, with reduction in the size and complexity of the 
acini, and there is loss of the specialized intralobular stroma (49,50). 
Ducts may become variably ectatic. The postmenopausal breast is 
characterized by a marked reduction in glandular tissue and 
collagenous stroma, often with a concomitant increase in stromal 
adipose tissue. The end stage of menopausal involution is typified by 
remnants of the TDLUs, typically composed of ducts with atrophic 
acini, Surrounded by hyalinized connective tissue or embedded within 
adipose tissue with little or no surrounding stroma (Figure 3.18). 


Figure 3.17 Lactating breast tissue. A. There are numerous acini 
in this lobule, and these are enlarged and dilated. There is 
minimal intervening stroma. B. Higher power view illustrates 
prominent epithelial cell enlargement, cytoplasmic vacuolization, 
and protrusion of cells into the acinar lumen. Some of the cells 
have a hobnail appearance. Myoepithelial cells are inconspicuous. 
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Figure 3.18 Postmenopausal breast tissue. A. This sample 
consists primarily of fatty stroma with a few atrophic ductules. B. 
In this specimen, a few residual, atrophic lobular acini are 
evident in a fibrotic stroma, which has replaced the normal, loose 


intralobular stroma. 


Blood Supply 


The principal arterial supply to the breast is provided by the internal 
mammary and lateral thoracic arteries. Perforating branches of the 
internal mammary artery provide the blood supply to approximately 
60% of the breast, mainly the 
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medial and central portions. Approximately 30% of the breast, 

mainly the upper and outer portions, receives blood from the lateral 
thoracic artery. Branches of the thoracoacromial, intercostal, 
subscapular, and thoracodorsal arteries make minor contributions to 
the mammary blood supply (7). 


Venous drainage of the breast, as in other locations, shows 
considerable individual variation but largely follows the arterial 
system. There is a superficial venous complex that runs transversely 
from lateral to medial in the subcutaneous tissue. These vessels then 
drain into the internal thoracic vein. Deep venous drainage of the 
breast is via three routes: the perforating branches of the internal 
thoracic vein, branches of the axillary vein, and tributaries of the 
intercostal veins, which drain posteriorly into the vertebral veins and 
the vertebral plexus (5,51). 


Lymphatic Drainage 


Lymphatic drainage of the breast occurs through four routes: 
cutaneous, axillary, internal thoracic, and posterior intercostal 
lymphatics. The cutaneous lymphatic drainage system consists of 
both a superficial plexus of channels that lie within the dermis 
overlying the breast and a deeper network of lymphatic channels that 
runs with the mammary ducts in the subareolar area. Most of these 
cutaneous channels drain to the ipsilateral axilla. Cutaneous 


lymphatics from the inferior aspect of the breast may drain to the 
epigastric plexus and ultimately to the lymphatic channels of the liver 
and intra-abdominal lymph nodes. 


There are three lymphatic drainage pathways in the mammary 
parenchyma. The most important drainage basin for lymphatic flow 
from the breast is the axilla, and the axillary lymph nodes receive 
the vast majority of the lymph drained. The internal thoracic 
lymphatic route carries less than 10% of the lymphatic flow from the 
breast and ultimately terminates in the internal mammary lymph 
nodes (7). Drainage eventually empties into the great veins via the 
thoracic duct, the lower cervical nodes, or the jugular-subclavian 
confluence. The third and least important route of mammary 
lymphatic drainage are the posterior intercostal lymphatics, which 
drain into the posterior intercostal lymph nodes. An understanding of 
the lymphatic drainage of the breast is of particular importance in 
the current era of sentinel lymph node biopsy since this explains the 
occasional finding of sentinel lymph nodes outside of the axilla 
(5578) 


The Adult Male Breast 


The adult male breast, like the female breast, is composed of 
glandular epithelial elements embedded in a stroma that is composed 
of varying amounts of collagen and adipose tissue. However, in 
contrast to the adult female breast, the epithelial elements of the 
male breast normally consist of branching ducts without lobule 
formation. 


Biologic Markers, Immunophenotype, 
and Molecular Biology 


Estrogen Receptor and Progesterone 


Receptor 


It is now known that there are at least two different estrogen 
receptors (ER), ERÎ+ and ERi2; ERi+ has been far more extensively 
studied. Using immunohistochemistry, ERi+ expression can be 
demonstrated in the nuclei of both ductal and lobular epithelial cells, 
with a higher proportion in 
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lobules than in ducts. However, even in the lobules, only a small 
proportion of the cells show ERI+ immunoreactivity. Most often, 
ERi+-positive cells in the lobules are distributed singly, admixed with 
and surrounded by ERi+-negative cells (52) (Figure 3.19). 
Furthermore, there is considerable heterogeneity in staining for ERIi+ 
among lobules in the same breast. Of interest, in breast tissue from 
premenopausal women, there is generally an inverse relationship 
between expression of ERi+ and markers of cell proliferation. In 
particular, most ERi+-positive cells do not show expression of the 
proliferation related antigen Ki-67, and Ki-67-positive cells are 
typically ERi+-negative. The proportion of ERI+-positive cells 
gradually increases with age but remains relatively stable after the 
menopause. The incidence of lobules showing contiguous patches of 
ERi+-positive cells also increases with age and with involutional 
changes (52). In addition, the proportion of ERi+-positive 
proliferating cells increases with age (53). In premenopausal women, 
ERÎ+ expression varies with the phase of the menstrual cycle, being 
higher in the follicular than in the luteal phase (54). Myoepithelial 
cells do not show ERi+ immunoreactivity. 
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Figure 3.19 Immunostain for estrogen receptor-Î+ (ERÎ+) in a 
normal lobule. A minority of epithelial cells show nuclear 
staining. 


Recent studies have indicated that a second form of ER, ERi2, is also 
expressed in normal breast tissue. Expression of ERi2 has been 
observed not only in epithelial cells of ducts and lobules, but also in 
myoepithelial cells, endothelial cells, and stromal cells (54,55). The 
expression of this form of ER does not seem to vary with the phase 
of the menstrual cycle. It has been speculated that the relative levels 
of ERi2 and ERÎ+ may be important in determining the risk of breast 
cancer development, and that higher levels of ERi2 relative to ERÎ+ 
are protective against neoplastic progression in the breast (55). 
However, additional studies are needed to more clearly elucidate the 
role of ERÎ2? in normal breast physiology and in breast cancer 
pathogenesis. 


Expression of progesterone receptor (PR) has not been as extensively 
studied in normal breast tissue as has ER. Like ERÎ+, PR is expressed 


in the nuclei of ductal and lobular epithelium. However, in contrast to 
ERÎ+ expression, PR expression does not seem to vary with the 
menstrual cycle phase (54). 


Other Biomarkers and 
Immunophenotypic Features 


Expression of a wide variety of biomarkers has been studied in 
benign breast tissue (56) and a comprehensive review of these is 
beyond the scope of this chapter. However, a few of these merit brief 
mention. Rarely, normal breast epithelium may show HER2 protein 
overexpression, p53 protein accumulation, or p53 mutations, but, the 
clinical significance of these findings is uncertain. 


The anti-apoptotic protein bcl-2 is consistently expressed by normal 
breast epithelial cells (57). The S-100 protein is strongly expressed 
by normal myoepithelial cells and variably expressed by mammary 
epithelial cells (58). Epithelial cells also show variable expression for 
casein (59), [+-lactalbumin (60), gross cystic disease fluid protein- 
15 (61), and c-kit (CD117) (62), among other proteins. As noted 
earlier, cytokeratins 7, 8, 18, and 19 (16,17,18,19,20) are typically 
expressed by epithelial cells, whereas myoepithelial cells express 
cytokeratins 5/6, 14, and 17 (16,17,18,19,20,24). 


Molecular Markers 


The ability to evaluate DNA, RNA, and protein using the modern tools 
of molecular biology, particularly when guided by such techniques as 
laser capture microdissection (63), will greatly enhance our 
understanding of breast tumorigenesis and may even serve to 
redefine what constitutes a€oenormal.a€* For example, a number of 
studies have shown that histologically normal TDLUs can exhibit an 
abnormal genotype, characterized by loss of heterozygosity (64) or 
allelic imbalance (65,66) at various chromosomal loci. At this time, 
however, the significance of these genetic alterations in histologically 


normal breast tissue remains to be determined. Studies of normal 
breast tissue using these techniques will also help define the 
presence and nature of progenitor cells or stem cells and their role in 
breast development and carcinogenesis (19,67), as well as patterns 
of gene and protein expression that distinguish normal from 
abnormal breast tissue and cells (68,69,70,71). 


Conclusion 


The histologic features of the normal breast are dynamic and vary 
with age and hormonal milieu, among other factors. An 
understanding of normal breast histology is essential to permit the 
reliable distinction between physiologic changes and pathologic 
alterations. 
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4 
Bone 


Andrew E. Rosenberg 
Sanford I. Roth 


Introduction 


Bone tissue along with cartilage, fibrous tissue, fat, blood vessels, 
nerves, and hematopoietic elements form individual bones. In 
humans, there are 206 separate bones, which together with their 
articulations form the skeleton. Anatomically, the skeleton can be 
divided into the axial skeleton, which includes the skull, vertebral 
column, ribs, sternum, and hyoid, and the peripheral (or 
appendicular) skeleton, which consists of the upper and lower limbs 
and the pelvis (Figure 4.1). The acral skeleton refers to the bones of 
the hands and feet. 


Bone, whether referring to an organ or a type of connective tissue, is 
composed of a unique biphasic blend of organic and inorganic 
elements. The quality, quantity, and architectural arrangement of 
these components determine its ultimate form and function and 
confer important biological properties. The contributions of bone to 
mineral homeostasis are vital to life, and its structural characteristics 
are essential to locomotion and organ protection. Additionally, bones 
form the framework of our bodies, thereby giving it size and shape 
and provide a nurturing storehouse for the hematopoietic elements. 


Bonea€”the Organ: Gross and 


Microscopic Anatomy 


Bones are rigid (but not brittle), lightweight, usually cylindrical 
structures, that have a relatively high tensile strength. Tan-white 
and smooth-surfaced, they are the hardest and strongest structures 
of the body, being as strong as cast iron but one-third of the weight 
as a result of their unique structure. Bones are reinforced, 
asymmetric, hollow structures designed to provide a maximum 
strength-to-weight ratio (Figure 4.2). 


Individual bones are classified according to their size and shape. 
There are bones that are flat (bilaminar plates), those that are 
cuboid, and the most common group are bones that are tubular, both 
long and short (Figure 4.1). Tubular bones are further subdivided 
anatomically along their long axis into the epiphysis (extends from 
the base of the articular surface to the region of the growth plate), 
the metaphysis (extends from the region of the growth plate to 
where the diameter of the bone becomes significantly narrow), and 
the diaphysis or shaft (extends from the base of one metaphysis to 
the base of the opposing metaphysis) (Figure 4.3). In immature or 
growing bones, the metaphysis is 
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separated from the epiphysis by a cartilaginous growth plate, or 
physis (1). Apophyses, such as the greater and lesser trochanters of 
the femur, are protuberances that form at large tendoligamentous 
insertion sites. The medical and forensic determination of skeletal 
age and growth utilizes the amount and localization of bone 
ossification, the formulation and size of the secondary ossification 
centers, and the degree and amount of remodeling (see below). 


i 


BONE CLASSIFICATIONS 


Figure 4.1 Diagram of the skeleton illustrating the different 
shapes and sizes of bones, as well as their method of formation. 


Despite their differences in size and shape, all bones are of similar 
composition and generally have a periosteum, cortex, and medullary 
canal that contains variable amounts of cortical (compact) and 
cancellous bone, fatty and hematopoietic marrow (Figure 4.2), blood 
vessels, and nerves. For any given bone, the quantity and 
arrangement of cortical or cancellous bone is directly related to the 
biomechanical requirements (Wolff's law). For instance, bones 
exposed to the largest torsional forces are usually long bones, and 
they are composed roughly of 80% cortical bone and 20% cancellous 
bone. In contrast, bones that predominately transmit weight-bearing 
forces, such as the vertebral bodies, consist of 80% cancellous bone 
and 20% cortical bone. 


Figure 4.2 Gross (left) and macerated (center) longitudinally cut 
Specimen and the accompanying x-ray (right) of a proximal 
femur, including the head, neck, and upper diaphysis sectioned in 
the frontal plane. The cortex defines the outer limits of the bone 
and is thickest along the medial surface (left) of the neck and 
diaphysis, where load bearing is greatest. The medullary cavity is 
filled with bony trabeculae and red hematopoietic and yellow 
fatty marrow. The trabeculae are aligned along the lines of 
stress; this is especially prominent in the medial portion. The 
horizontal line at the base of the head on the x-ray represents 
the accrual of bone that occurred during closure of the 

epiphyseal growth plate. 
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Figure 4.3 Whole mount of an immature femur and patella. The 
long bone is composed of the proximal and distal epiphyses, 
metaphyses and growth plates, and the intervening diaphysis. 


Woven and Lamellar Bone 


Histologically, bone tissue, regardless of whether it is cortical or 
cancellous, normal or part of a pathologic process, is categorized into 
woven and lamellar types based on the organization of its type | 
collagen fibers. In woven bone, the collagen fibers are arranged in an 
irregular feltwork (Figure 4.4), while in lamellar bone they are 
deposited in parallel arrays (Figure 4.5). 


Woven bone is fabricated during periods of rapid bone growth; it 
composes the developing bony skeleton during embryogenesis and 
portions of bones in the growing infant and adolescent. It may also 
be the predominant type of bone that is formed in a variety of 
reactive (fracture-callus, infection-involucrum) and neoplastic 
(Codman's triangle, matrix of bone forming neoplasms) conditions. 
Woven bone is hypercellular, and the osteocytes and their lacunae 
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are large and appear to be distributed in a haphazard fashion as the 
long axes of the cells parallel the feltlike direction of the neighboring 
collagen fibers (Figure 4.4). The mineral content of woven bone is 
higher than that of lamellar bone, and more than 50% of it is 
deposited outside of the collagen fibers. Overall, this structural 
organization enables woven bone to resist forces equally in all 
directions and facilitates rapid formation, mineralization, and 
resorption. These factors explain why woven bone is weaker, less 
rigid, and more flexibile than lamellar bone. 


Figure 4.4 Woven bone seen on hematoxylin- and eosin-stained 


Slide (left) and with polarized light (right). The collagen fibers 
are oriented in all planes. There are many osteocytes, and their 
long axes follow the direction of the neighboring collagen fibers. 


Normally, the entire mature skeleton is composed solely of lamellar 
bone. Lamellar bone, in contrast to woven bone, is synthesized more 
Slowly, is less cellular, and the osteocytes and their lacunae are 
smaller and distributed in a more organized fashion along the more 
regular collagen lamellae (Figure 4.5). Additionally, the process of 
mineralization of lamellar bone differs from that of woven bone in 
that it occurs more slowly and continues long after the organic 
matrix is initially deposited. Furthermore, the mineral deposits are 
localized almost exclusively within the collagen fibers and are first 
deposited within the spaces, or a€oehole regions,a€* between the 
ends of adjacent collagen fibers (2,3). Subsequently, the mineral 
content increases as a result of enlargement and increase in the 
number of the apatite crystals. Microradiographs of undemineralized 
sections reveal varying densities, with the oldest bone being most 
heavily mineralized (Figure 4.6). Since the mineral and collagen 
fibers are well-organized and intimately bound to one another, 
lamellar bone has greater rigidity and tensile strength and less 
elasticity than woven bone. 


Figure 4.5 Lamellar bone as seen on hematoxylin- and eosin- 
stained slide and with polarization (inset). The collagen fibers are 
arranged in parallel arrays. There are comparatively fewer 
osteocytes, and they oriented in the same direction as the 
collagen fibers. 


Figure 4.6 Microradiograph of the cortex of a 2-month old 
female. There are various degrees of mineralization, with the 
radiolucent being the most recently deposited and the radiodense 
portions representing the oldest. 


Both lamellar and woven bone are made by osteoblasts in discrete 
quantities or units, which are fastened to one another by cement or 
reversal lines. Cement lines are thin and intensely basophilic on 
conventional histologic slides, and comparatively little is known 
about them. Recent studies, however, have shown that they are 
collagen poor, have less mineral, an increased calcium-to-phosphorus 
ratio compared to hydroxyapatite, and are richer in sulfur than is the 
Surrounding bone matrix (4,5). Some investigators have suggested 
that cement lines represent a residuum of mineralized da€ceground 
substancea€* that is secreted during the initial reversal phase in the 
formation of new bone (6). 


Cortical (Compact) Bone 


Cortical bone, also known as dense compact bone, is hard and tan- 
white (Figures 4.2, 4.7). Its thickness depends on its location and 
mechanical requirements, being thickest in 
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areas exposed to large torsional and weight-bearing forces, such as 
the middiaphysis of the femur or tibia, and thinnest where the 
transmission of weight-bearing forces is paramount, as seen adjacent 
to articular surfaces and in vertebral bodies (Figure 4.2). 


Figure 4.7 Longitudinal section through cortical bone. The cortex 
is tan-white and solid. The round hole within it represents the 
pathway of the nutrient artery. 


During the early stages of growth and development, cortical bone is 
constructed entirely of woven bone. Over time, it is gradually 
remodeled until it is composed of pure lamellar bone in the mature 
Skeleton. Adult cortical bone is composed of three different 
architectural patterns of lamellar bone: circumferential, concentric, 
and interstitial (Figure 4.8). The circumferential lamellae form outer 
and inner envelopes to the cortex and consist of several 
subperiosteal and endosteal layers that are oriented parallel to the 
long axis of the bone. They are the first cortical lamellae to be 


deposited, and in young individuals comprise almost the entire 
cortex. As mechanical stresses on the bone increase, many of the 
circumferential lamellae (except for several lamellae just beneath the 
periostum and along the endosteum) are replaced by the concentric 
lamellae of the haversian systems (Figures 4.8,4.9,4.10,4.11,4.12). 


Figure 4.8 Cross sections of cortex with circumferential, 
concentric, and interstitial lamellae. The circumferential lamellae 
are beneath the periosteum, the concentric lamellae surround the 
haversian canals containing blood vessels, and the interstitial 
lamellae fills the intervening spaces (A, H&E; B, polarized light). 


Haversian systems, or osteons, are created by osteoclastic resorption 
of the circumferential lamellae that usually begins on the endosteal 
surface of the cortex, and less 
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frequently on the periosteal surface. As the bone resorption 


proceeds, it penetrates into the cortex and forms a canal 
(Volkmann's canal) perpendicular or at an angle to the long axis of 
the bone (Figures 4.10, 4.11). The numerous osteoclasts located in 
the head of the canal form the â€œcutting cone,a€* and the canal 
they generate is filled with vessels, nerves, and mesenchymal cells 
(including stem cells) enmeshed in a loose connective tissue stroma. 
Within a short distance, the osteoclastic activity becomes 
concentrated on one side of the canal; and, as a consequence, the 
direction of the cutting cone becomes aligned with the long axis of 
the bone. The burrowing osteoclasts elongate the canal, and in their 
wake newly formed osteoblasts deposit lamellae of bone in a 
targetlike, or concentric, fashion. The collagen fibers in any one 
lamella are oriented parallel to each other; however, their pitch is 
Slightly different from those in adjacent lamellae, and this enhances 
the 
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biomechanical strength of the cortex. In due course, the accrual of 
concentric lamellae reduces the diameter of the haversian canal so 
that in the end it is small and contains nutritional blood vessels and 
nerve twigs (Figure 4.8). 


Figure 4.9 Two adjacent mature haversian systems containing 
the central canal, blood vessels, and surrounding concentric 
lamellae. Empty lacunae are seen in areas of the interstitial 
lamellae. 


Figure 4.10 Ground, unstained section of mineralized, compact, 
cortical bone. The arrow points to a Volkmann's canal arising 
from the endosteum. Canaliculi connect cells in adjacent 
circumferential lamellae. (This slide was prepared by Glimcher 
MJ, Roth SI, Schiller AL, as part of a course in Pathophysiology of 
Bone for the Harvard Medical School, Boston, MA.) 
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Figure 4.11 A forming Volkmann's canal coursing through the 
cortex of the bone. The canal is angled with respect to the bone 
lamellae and is filled with connective tissue. Osteoid and 
osteoblasts, indicating new bone formation, are present around 
the endosteal opening of the canal, but none are seen in the 
canal. The cortex shows circumferential lamellar bone with 
regularly placed osteocytes. (Undemineralized bone section.) 


Figure 4.12 An undemineralized section of cortical bone, stained 
in vivo, with tetracycline. A layer of tetracycline appears at the 
mineralization front of the haversian system where new bone is 
being formed. The osteocyte lacunae and the canaliculi of their 
connecting dendritic processes are visible as bright green areas. 
(Unstained, fluorescent light.) 


Individual haversian systems are relatively self-contained metabolic 
units because nutritional support of their cells, especially the bone 
cells, depends upon the process of diffusion from their central 
vessels. Consequently, osteocyte viability is not sustainable beyond a 
certain distance from the vessels, which imposes a biologic limit on 


the maximal number of lamellae contained within any haversian 
system. Also, the integrated network of osteocytes is generally 
limited to the osteon within which it develops, as osteocytic 
cytoplasmic processes generally contact only those that dwell in the 
Same system, with cement lines defining the physical boundaries of 
every haversian system (Figures 4.10, 4.12). 


Mature haversian canals are long and cylindrical, range from 25 to 
125 Aum in diameter (average 50 Aum), and are widest nearest the 
medullary cavity. They form an intricate, branching, spiraling, and 
interconnecting network that courses thoughout the cortex. The 
number of haversian systems in a particular bone is variable and is 
determined by age, the amount of mechanical stress and weight that 
the bone is subjected to over time, and other biological and genetic 
factors (6,7). 


Between the haversian systems are the interstitial lamellae, which 
are somewhat irregular, geometric-shaped units of lamellar bone 
(Figure 4.9). They fill the spaces between active haversian systems 
and help a€ceglue,a€* or anneal, them to one another, which is 
important in maintaining cortical integrity. The osteocytes confined 
to the interstitial lamellae may lose their access to nutritional 
sources and consequently undergo necrosis, leaving behind empty 
lacunae. 


The endosteum is the loose areolar connective tissue that 
immediately abuts the osteoblasts along the inner surface of the 
cortex and along the medullary surfaces of the trabeculae. 


Cancellous (Trabecular, or Spongy) Bone 


Cancellous bone, also known as trabecular or spongy bone, is tan- 
white and fenestrated. It is composed of interconnecting plates and 
struts of trabecular bone and is located within the medullary cavity 
(Figure 4.2). In the adult, it is the fourth type of lamellar bone, and 
the lamellae are oriented parallel to the long axis of the bone (Figure 


4.13). In developing bone, it is composed of significant amounts of 
woven bone; and, when initially formed, it contains a central core of 
calcified cartilage (primary spongiosa). Cancellous bone is deposited 
in relation to lines of mechanical stress (Wolff's law) to provide 
added support and distribute large weight-bearing forces along a 
variety of different pathways (Figure 4.2). Accordingly, cancellous 
bone is most abundant in the weight-bearing ends of bones, such as 
the epiphyses and vertebral bodies, and is present in only small 
amounts in the middiaphysis of tubular bones. Small trabeculae are 
avascular, while larger ones may contain haversian systems, 
including concentric lamellae. The surfaces of mature trabeculae are 
typically lined by endosteum composed of quiescent osteoblasts or 
surface-lining cells (Figure 4.14). In three dimensions, the trabeculae 
are usually interconnecting plates (Figure 4.15). The global surface 
area of cancellous bone is very large, which facilitates remodeling 
and the ability of the skeleton to rapidly respond to the metabolic 
demands of the body. The mature trabeculae are heavily mineralized 
with a thin (1a€“3 Aum) layer of osteoid beneath the inactive 
flattened osteoblasts. 


Figure 4.13 A mature trabeculum composed of lamellar bone. 
The lamellae are oriented in the same direction as the 
trabeculum. 


Periosteum 


The periosteum consists of a thin layer of tan-white connective tissue 
that covers the outer surface of all cortices. In children it is 

relatively loosely attached, whereas in adults it is firmly anchored to 
the bone. The periosteum is composed of an outer fibrous layer and 

an inner cellular (cambium) 
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layer (Figure 4.16). The fibrous layer contains fibroblasts and broad 
collagen fibers that are continuous with those of the joint capsule, 
tendons, and muscle fascia. At tendoligamentous insertion sites, the 
collagen fibers of the tendoligamentous structure pierce the 
periosteum and become anchored in the bone (Sharpey's fibers). 
Spindle-shaped fibroblasts and osteoprogenitor cells occupy the 
cambium layer, which is generally the most cellular during growth 
and development. The number of osteoprogenitor cells present 
depends on the age of the individual and the amount of bone cell 
activity in any particular region; they are especially numerous during 
periods of active bone formation. 
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Figure 4.14 Quiescent osteoblasts lining a trabecular surface. 


Figure 4.15 Gross photograph of a macerated portion of 
cancellous bone. The trabeculae are interconnecting plates. 


Figure 4.16 The outer fibrous layer of a fetal periosteum 
consists of thick bundles of horizontally oriented collagen fibers. 
The inner cellular cambium layer contains spindle-shaped, 
osteoprogenitor cells. The maturing osteoblasts steadily become 
more polyhedral and acquire increasing amounts of amphophilic 
cytoplasm. A portion of intramembraneous woven bone is seen 
forming the new cortex. 


Vascular Supply and Innervation 


Bones are vascular organs and require a vascular supply for viability. 
Bones receive their blood supply from three main sources: (a) large 


nutrient arteries (one to two per bone), (b) metaphyseal and 
epiphyseal vessels, and (c) periosteal vessels. Nutrient arteries enter 
long bones in the diaphysis, traverse the cortex through foramina, 
and divide into ascending and descending branches within the 
medullary cavity. Smaller branch arteries, arterioles, capillaries, 
venules, and veins (Figure 4.17) course throughout the medullary 
cavity, nourish the fatty and hematopoietic marrow, and extend into 
haversian canals, where they supply the inner two-thirds of the 
cortex. At the ends of growing bones, they terminate as small 
arteries that give rise to capillary loops at the bases of epiphyseal 
growth plates. The epiphyseal and metaphyseal vessels access bone 
through small apertures and provide blood flow to regions of the 
epiphysis and metaphysis in the mature skeleton and to the 
secondary centers of ossification during active enchondral 
ossification. The periosteal vessels are small and are believed to 
nourish the outer third of the cortex. The venous drainage system 
bone is composed of medullary sinusoids that empty into a central 
venous sinus, which merges with nutrient veins. 


Bones are innervated largely by nonmylineated nerves that are 
derived from the autonomic nervous system, and their function is to 
control blood flow. Larger nerve branches are usually associated with 
arterial vessels (Figure 4.17), 
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whereas small groups of fibers can be found adjacent to vessels in 
haversian systems. Nerves supplying the periosteum contain sensory 
elements and are the source of the sensation of bone pain. 


Figure 4.17 Small arteries, surrounded by dilated capillaries and 
nerves in an area of fatty marrow. 


Bonea€”the Tissue: Organic and 
Inorganic Components 


The special biphasic amalgamation of organic and inorganic materials 
found in bone distinguishes it from all other tissues in the body. The 
organic component consists of proteins and bone cells, and the 
inorganic element is a specialized, calcium-poor form of apatite, 
resembling hydroxyapatite [Ca10(PO4)6(OH)2] in which the hydroxyl 
residues are replaced by phosphate and carbonate ions. The 
integration of the mineral phase with the organic matrix (primarily 
collagen) provides bone with hardness, strength, and limited 
elasticity (2). 


Organic Components 


Proteins 


The organic component accounts for approximately 35% of the wet 
weight of bone; and, of this, collagen is responsible for 90%. 
Collagen is the primary structural protein of bone, and the 
overwhelming majority (90%) is type | (8); type V collagen is 
present in much smaller amounts, and there are only trace quantities 
of collagens III, XI, and XIII (9). Type III collagen may be increased 
in pathologic conditions (10). The numerous large type | collagen 
molecules are produced by osteoblasts; aside from their contribution 
to structural support, they also anchor many of the other 
constituents (11). 
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Figure 4.18 Diagram of osteoblast formation and metabolism. 
(Bagpipe, the vertebrate homologue of the Drosophila gene; 
Bapx1, a member of the NK2 class of homeobox genes; Cbfal, 


core binding factor Î+1; F-CFU, colony-forming unit fibroblasts; 
DIx5, homeodomain transcription factor; Dkk, Wnt antagonist 
Dickkopf2; HOX2a, homeobox gene; Ihh, Indian hedgehog gene; 
MSx2, homeodomain protein; Ob-R, leptin receptor; PDFBB, 
prostate-derived factor BB; BMP, a member of the bone 
morphogenic protein; RUNX2/Pebp2aA//MAL3, runt homology 
domain protein; Wnt, secreted glycoproteins that function as 
ligands for members of the Frizzled family of seven 
transmembrane-domain receptors. ) 


The noncollagenous proteins are grouped according to their function 
as adhesion proteins, calcium-binding proteins, mineralization 
proteins, enzymes, cytokines, growth factors, and receptors. These 
proteins mediate all aspects of bone cell activity and are extremely 
important to the biological success of bone as a tissue. Many of these 
Substances are synthesized and secreted by osteoblasts, and others 
are derived and concentrated from the serum. The most abundant of 
the osteoblast-produced noncollagenous proteins is osteocalcin, 
which functions as a regulator of mineralization. Osteocalcin is made 
solely by osteoblasts, and its quantification in serum has made it an 
important clinical marker of bone formation (11). 


Osteoprogenitor Cells 


Osteoprogenitor cells are derived from  tissue-bound mesenchymal 
stem cells that have developed into fibroblastic colony-forming units 
(F-CFU) (12,13,14,15,16). They are located in the periosteum, the 
haversian system, and the Volkmann's and medullary canal. 
Osteoprogenitor cells are primitive determined mesenchymal cells 
that have the capacity to produce only osteoblasts. The process of 
osteoblast differentiation and maturation is complex and involves a 
variety of different factors (Figure 4.18). By light microscopy, 
osteoprogenitor cells appear as generic spindle cells and do 


not have any distinguishing morphologic features; therefore, they 
cannot be identified with certainty in ordinary histologic sections 
(Figure 4.16). Because bone can be formed in skin, soft tissue, 
muscle, and viscera, in both experimental and pathologic conditions, 
osteoprogenitor cells or induceable stem cells are likely present in 
these sites as well. 


Osteoblasts 


Osteoblasts are vital to bone tissue and are the cells responsible for 
the production, transport, and arrangement of most of the 
components of the organic matrix (osteoid). Additionally, they 
initiate and regulate matrix mineralization and use autocrine and 
paracrine mechanisms to control the activity of neighboring 
osteoblasts, osteocytes, and osteoclasts (3,12,14,17). 
Immunohistochemical and biochemical studies reveal the presence of 
alkaline phosphatase, osteopontin, and osteocalcin within their 
cytoplasm, constitutively expressed RANKL (see section entitled 
Osteoclasts), and receptors for parathyroid hormone (PTH), 
prostoglandins, vitamin D3, estrogens, and cytokines, including 
colony-stimulating factor 1 (CFS-1), on their cell membranes 
(8,18,19,20,21). 


Osteoblasts cover all bone surfaces, where their lifespan may range 
from months to many years. Their metabolic state is closely related 
to their morpholgy; they are spindle-shaped when quiescent and 
large and polyhedral when rapidly producing bone. Metabolically 
active osteoblasts vary in size from 10 to 80 Âum (average 20â€“30 
Âum) and have abundant amphophilic to basophilic cytoplasm that is 
in intimate contact with the bone (Figures 4.19, 4.20). Multiple 
cytoplasmic processes extend from the cells into and through the 
bone, contacting adjacent osteoblasts and osteocytes via nexus (gap) 
junctions. The nucleus is polarized away from the matrix surface and 
often has a conspicuous nucleolus and a prominent perinuclear halo 
that represents a well-developed Golgi apparatus. The cells flatten 


and elongate as their synthetic activity diminishes and remain lining 
the resting bone surfaces (Figures 4.14, 4.20). 
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Figure 4.19 Metabolically active osteoblasts lining a trabeculum 
of woven bone. Some osteoblasts are in various stages of being 
surrounded by matrix and becoming osteocytes. 


Figure 4.20 Metabolically active osteoblasts forming lamellar 
bone. The thin layer of osteoid cannot be identified in this 
demineralized sections. At the right of the micrograph, the 
osteoblasts are becoming inactive, flattening, and being 
incorporated into the bone as osteocytes. The osteocytes of the 
lamellar bone are spindle-shaped. The dendrites are identifiable 
extending from the osteoblast bodies into the bone where they 
are seen as clear streaks perpendicular to the bone surface 
represent the canaliculi containing the dendrites of the 
osteocytes and osteoblasts. 


Ultrastructurally, the cytoplasm of productive osteoblasts contains 
extensive, granular endoplasmic reticulum, a large prominent Golgi 
apparatus, and numerous mitochondria and lysosomes (8,9,14,22). 
In contrast, the cytoplasm of inactive osteoblasts resembles that of 
quiescent fibroblasts (14). 


Osteocytes 


Osteoblasts enveloped by matrix become osteocytes, and their half- 
life is estimated to be as long as 25 years (23). The cell body, 
nucleus, and surrounding scant cytoplasm reside within a lacunar 
space. The nuclei are comparatively small and are not always visible 
in every plane of section; therefore, in most slides of bone tissue, 
random lacunae appear empty. Osteocytes have numerous long and 
delicate cytoplasmic processes (dentrites), similar to the neuritic 
processes (axons) of neurons (Figures 4.12, 4.21). These cell 
processes traverse the matrix through small tunnels termed 
Canaliculi and provide a very large surface area of contact between 
the osteocyte and the matrix and extracellular fluid that bathes each 
cell (22). Osteocyte cell processes connect to those of neighboring 
osteocytes and to surface osteoblasts via gap junctions. Gap 
junctions facilitate the transfer of small molecules and biologically 
generated electrical potentials from cell to cell. In this manner, 


osteocytes communicate with one another and form a complex and 
integrated network throughout bone tissue. 
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Figure 4.21 Osteocytes within lacunar space. Numerous cell 
processes course through the matrix and contact those of 
neighboring osteocytes. 
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The number, size, shape, and position of osteocytes varies according 
to the type of bone they inhabit. In woven bone, they are numerous, 
large, and plump (Figure 4.4). Their arrangement appears 
disorganized because their long axes parallel the direction of the 
neighboring collagen fibers, which in sections of woven bone appears 
random. In lamellar bone, osteocytes are comparatively fewer in 
number, smaller, more spindle-shaped, and appear in sections to be 
more regularly organized because the cells are oriented in the same 
direction as the surrounding lamellae (Figure 4.5). 


The repertoire of biological activity possessed by osteocytes helps 
them maintain bone tissue and allows bone to be responsive to the 
mechanical and metabolic demands of the body. For instance, 


osteocytes are mechanosensory cells that translate mechanical forces 
into biological activity (23,24). The detection of physical forces 
stimulates osteocytes to produce and release intercellular 
messengers that target precursor cells, osteoblasts, and osteoclasts 
(23). These cells, in turn, respond by remodeling the bone regionally 
and allowing it to change its mass and structure according to 
demands of the external physical environment (Wolff's law) (25,26). 
The widespread distribution of osteocytes and their cell processes is 
fundamental to another important role of theirs, namely, mineral 
homeostasis (27). Osteocytes generate and respond to microfluxes in 
ion concentrations and mediate the exchange of calcium and other 
ions between the bone matrix and extracellular fluid. In certain 
conditions, they may even be able to rapidly release calcium and 
phosphorus from the mineralized matrix by a process termed 
osteocytic osteolysis, which manifests histologically as enlarged 
lacunar spaces (28). All in all, their aggregrate activity likely 
influences the systemic metabolism of calcium and phosphous (27). 


Osteoclasts 


Osteoclasts are terminally differentiated, multinucleated cells 
responsible for bone resorption. They are mobile effector cells that 
have a lifespan of only several weeks. By the time they are 
recognizable by light microscopy, they are mature and biologically 
active and can be found residing within resorption pits (Howship's 
lacunae) produced by their digestion of mineralized bone matrix 
(Figure 4.22). 


Osteoclasts are 40 to 100 Aum in diameter and are polarized with 
one portion of the cell membrane intimately attached to the bone and 
the remainder exposed to the extracellular fluid in its 
microenvironment. The segment of cell membrane that actually 
adheres or seals to bone is laden with i+vi23 integrins. The integrins 
bind to specific extracellular bone matrix proteins (vitronectin, 
osteopontin, and bone sialoprotein) previously deposited by 


osteoblasts, and in this manner the osteoclast can anchor to the 
bone surface. A network of interconnecting actin filaments that 
produces a clear area in the cytoplasm links the sealing zone of the 
osteoclast cell membrane to the nuclei (14,29). On average, 
osteoclasts have 4 to 20 nuclei (8), though the number may range 
from 2 to as many as 100. In normal circumstances, however, the 
amount is usually not greater than 12. The nuclei and adjacent 
prominent Golgi apppartus tend to congregate away from the bone- 
resorbing surface, and are surrounded by abundant amphophilic 
cytoplasm. 


The cytoplasm in the vicinity of the resorbing surface is rich in 
tartrate-resistant acid phosphatase, carbonic anhydrase, and 
membrane-bound lysosomes. The adjacent cell membrane, which also 
directly apposes the bone-resorbing surface, has numerous fingerlike 
extensions that effectively increase its surface area and form the so- 
called brush border. 


The lysosomes fuse with the brush border and release their contents 
into the resorption pit, which begins the actual process of bone 
digestion. Metabolic activation of osteoclasts is initiated by 
anchorage, and this process generates 
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a stimulatory signal that is transmitted to the nuclei by the actin 
network. The nuclei, now activated, orchestrate the complex and 
transitory cytoplasmic and cell membrane modifications required for 
bone digestion. Importantly, mineralized bone or cartilage is more 
efficiently resorbed by osteoclasts than is nonmineralized bone or 
cartilage. Focal, or partial, demineralization of collagen fibers 
appears to be one of the first steps in matrix resorption and is 
followed by catabolism of noncollagenous proteins and, lastly, the 
degradation of collagen fibers themselves. Once osteoclast activity 
ceases and the cell moves to another targeted site, macrophages 
meander into the base of the resorption pit and phagocytize the 
organic remnants. 


Figure 4.22 Osteoclast located within a resorption pit on a 
trabeculum (Howship's lacunae). 


Osteoclasts are derived from mononuclear, hematopoietic progenitor 
cells of the granulocytic-macrophage colony-forming (GM-CFU) and 
macrophage colony-forming units (M-CFU) 
(16,29,30,31,32,33,34,35,36,37,38,39,40,41,42) (Figure 4.23). The 
mononuclear preosteoclasts undergo primary fusion to form 
multinucleated osteoclasts, which are capable of acquiring and 
shedding nuclei throughout their short lifespans (40). A variety of 
cytokines and growth factors are critical to their development, 
maturation, and activity and include interleukin (IL)-1, IL-3, IL-6, IL- 
11, tumor necrosis factor (TNF), granulocyte-macrophage_ colony- 
stimulating factor (GM-CSF), and macrophage colony-stimulating 
factor (M-CSF) (43). These factors work by either stimulating 
osteoclast progenitor cells or participating in a paracrine system in 
which osteoblasts and marrow stromal cells play a central role. 
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Figure 4.23 Diagram of the formation of osteoclasts and their 
relationship to osteoblasts and undifferentiated mesenchymal 
cells. (Î+yÎ23, ÎżyÎ23 integrin; C-fms, gene for M-CSF receptor; 
C-fos (murine osteosarcoma viral oncogene homolog); CFU-GM, 
colony-forming unit for the granulocyte-macrophage series; Cl’, 
chloride ion; CSF-1, colony-stimulating factor-1; H+, hydrogen 
ion; HtATPase, Ht-adenosine triphosphatase; HCO3°, carbonate 
ion; IL-1,  interleukin-1; JNK, c-Jun N-terminal kinase; M-CSF, 
monocyte-macrophage  colony-stimulating factor; MMP-9, matrix 
metaloproteinase 9; NFi2i2, nuclear factor kappa beta; OPG, 
osteoprotegerin; ORA, XX; P6OCS'*S, protein tyrosine kinase; PTH, 
parathyroid hormone; PTH-R, Parathyroid Hormone Receptor; 
Pu.1, a member of the ets family that is exclusively expressed by 
hematopoietic cells; RANK, receptor activator factor of nuclear 
factor kappa beta; RANKL, RANK ligand/osteoclast differentiation 
factor; TNFR, tumor necrosis factor receptor; TRAF2, tumor 
necrosis factor receptora€“associated factor 2; TRAF6, tumor 


necrosis factor receptora€“associated factor 6. 


This system is essential to bone metabolism, and its mediators 
include the molecules RANK (receptor activator for nuclear factor 
fei2), RANK ligand (RANKL), and osteoprotegerin (OPG) (43). RANK 
is a member of the TNF family of receptors expressed mainly on cells 
of macrophage/monocytic lineage, such as preosteoclasts. When this 
receptor binds its specific ligand (RANKL) through cell-to-cell 
contact, a series of signal cascades are activated and 
osteoclastogenesis is initiated. RANKL is produced by and expressed 
on the cell membranes of osteoblasts and marrow stromal cells. It's 
expression may be influenced by other osteotropic factors, and its 
major role in bone metabolism is stimulation of 
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osteoclast formation, differentiation, activation, and survival. The 
actions of RANKL can be blocked by another member of the TNF 
family of receptors, osteoprotegerin, which is a soluble protein 
produced by a number of tissues, including bone, hematopoietic 
marrow cells, and immune cells. Osteoprotegerin inhibits 
osteoclastogenesis by acting as a decoy receptor that binds to 
RANKL, thus preventing the interaction of RANK with RANKL. The 
interplay between bone cells and these molecules permits osteoblasts 
and stromal cells to control osteoclast development. This ensures the 
tight coupling of bone formation and resorption vital to the success 
of the skeletal system and provides a mechanism for a wide variety 
of biologic mediators (hormones, cytokines, growth factors) to 
influence the homeostasis of bone tissue. 


Inorganic Component 


Mineral 


The primary mature inorganic mineral of bone is a calcium deficient 


varient of hydroxyapatite [Ca10(PO4)6(OH)2], in which the hydroxyl 
groups have been largely replaced by phosphate and carbonate 
groups (44). There is minimal water in the mature crystals (44). It is 
the body's major reservoir for calcium and phosphate and contains 
more than 99% of the body's calcium and 85% of the body's 
phosphorus (1,9,44). Also harbored within the bone crystals are 95% 
of the body's sodium, 50% of the body's magnesium, and trace 
amounts of other essential minerals (1,9,44). 


The process of mineralization varies according to the type of tissue. 
In cartilage and possibly woven bone, it begins with the production of 
numerous small vesicles (matrix vesicles) derived from chondroblasts 
and osteoblasts (1,2,45). The matrix vesicles are 2 to 4 Aum in 
diameter and are the sites where mineral is first observed. Although 
there is some uncertainty regarding the initial structure and 
composition of the mineral, crystals of hydroxyapatite, as well as 
amorphous calcium phosphate and brushite have been identified 
(2,3,12,18,45,46,47,48). The primary crystals serve as a nidus for 
the deposition of larger aggregates, which are then deposited in and 
around the collagen fibers. 


In lamellar bone, matrix vesicles are not present, and the process of 
mineralization is controlled by osteoblasts. The regulatory steps are 
complex and incompletely understood, though numerous proteins, 
growth factors, and cytokines are involved (2,3,12). Mineralization 
begins with the deposition of mineral in the spaces (â€œholesâ€» ) 
between the ends of adjacent collagen molecules. It is still unclear 
whether the first deposits are hydroxyapatite, amorphous calcium 
phosphate, or a nonapatite crystalline calcium phosphate 
(octocalcium phosphate, [Cag(HPO4)2P04)4. 5H20]) (44). Regardless 
of their initial form, the aggregates grow and form crystalline bone 
apatite. Initially, the crystals are situated within the collagen fibrils, 
but eventually they also develop outside the fibrils and fibers (44). 
The shapes of the mature crystals are are not known with certainty. 
High resolution transmission electron microscopy shows that they 
have the features of thin plates, whereas, studies with small-angle x- 


ray scattering suggest that they are needlelike (44). Once the 
crystals are deposited in bone, they remain there for days to years, 
only to be dissolved at a future time during bone resorption, when 
the calcium and phosphorous are released into the extracellular fluid 
and become available for other biological activities. 


Mineralization of osseous organic matrix takes approximately two 
weeks, therefore, the surfaces of bone are covered by a layer of 
unmineralized bone, called osteoid (Figures 4.11, 4.19, 4.20). The 
width of this layer is dependent on the relative rate of bone 
formation. In inactive regions, the bone is nearly fully mineralized 
and is covered by a thin osteoid seam (14€“5 Aum in thickness), 
whereas, in foci of rapid bone deposition, the osteoid layer may be 
more than several times thicker. The actual zone of mineralization 
can be detected by the systemic administration of the antibiotic 
tetracycline, which binds to the bone at the mineralization front and 
can be visualized with flourescent microscopy (Figure 4.12). 


Bone Formation, Growth, and 
Remodeling 


From the time that skeleton formation begins in the embryo until the 
stage that adult stature is attained, the bones of the body undergo a 
marked increase in size, refinement of their shape, and enhancement 
of their contour. Bone is a rigid structure that cannot grow 
interstitially and only enlarges by the apposition of new bone on its 
surface. Appositional growth alone is adequate for portions of the 
Skeleton that enlarge slowly during maturation, such as the skull, 
and the diameter of long bones; however, it is insufficient for bones 
that must increase in size at a more rapid rate, such as the length of 
long and short tubular bones of the extremities, the vertebrae, and 
the ribs. Cartilage, in contrast, exhibits both appositional and 
interstitial growth; that is, it increases its volume and enlarges in all 
dimensions by adding new cells and elaborating freshly synthesized 
extracellular matrix. Consequently, the growth in length of tubular 


bones in embryos and prepubertal children occurs as growing 
cartilage is replaced by bone, with the majority of the increase in 
bone length derived from the cartilage primordium represented in the 
anlage and growth plate (physis). In the case of callus, bone 
formation occurs both intramembranously in the fibrous callus and by 
enchondral cartilage replacement. 


The genetic code for skeletal morphogenesis is encrypted in the 
homeobox genes. Homeobox genes contain the DNA library of a 
repository of transcriptional regulators essential for growth and 
differentiation. The expression of homeobox genes occurs in a 
specific order and temporal sequence; and, regarding the skeletal 
system, their activation results in the 
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generation of localized cellular condensations of primitive 
mesenchyme at the sites of future bones. The mesenchymal 
condensations are the earliest precursors of individual bones and are 
critical to the formation of the skeleton. They begin to develop just 
prior to day 40 of gestation and, depending upon their anatomic 
location, are derived from cells that migrate from the cranial neural 
crest (craniofacial skeleton), paraxial mesoderm (axial skeleton), or 
the lateral plate mesoderm (appendicular skeleton) (49). Shortly 
after being formed, usually by the seventh week of gestation, the 
mesenchymal cells in the condensations begin to alter their genetic 
expression and assume the morphology of matrix-forming cells. 
Those cells that mature into chondrocytes form a cartilage model or 
anlage of the future bone, which is fundamental to the process of 
enchondral ossification, whereas those that develop directly into 
osteoblasts produce bone via the mechanism of intramembranous 
ossification. The mature bone tissue formed from either enchondral 
or intramembranous ossification are grossly and histologically 
indistinguishable. 


Enchondral Ossification 


Initially, the newly formed cartilage anlage is avascular and has the 
crude shape of the adult bone (Figure 4.24). The mesenchyme 
surrounding the anlage forms the perichondrium (Figure 4.25), which 
is the precursor to the periosteum that develops once ossification 
begins (see below). This process is initiated in each bone at a 
specific time, and this temporal sequence is the same in all humans. 


Growth of the anlage occurs both interstitially and appositionally as a 
result of the proliferation of chondrocytes and the accumulation of 
secreted extracellular matrix (Figures 4.25,4.26,4.27). The matrix is 
composed of proteoglycans and type II collagen with smaller 
amounts of collagen types IX, X, XI, and XIII (2). As this process 
continues, three events occur at very nearly the same time in every 
bone (50): 


Figure 4.24 Cartilage anlage of the os calcis (calcaneus). The 
cartilage model is the approximate shape of the adult bone. The 
attachment site of the Achilles tendon and the tibial-calcaneal 
joint are present. 
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Figure 4.25 Cross section of the cartilage anlage of the 
embryonic femur. The chondrocytes are regular with little 
hypertrophy. The perichondrium is composed of undifferentiated 
spindle cells with little intervening stroma, surrounded by a loose 
mesenchymal tissue. 


e The mesenchymal stems cells of the perichondrium, located 
around the midportion of the cartilaginous shaft, produce a layer 
of osteoblasts that deposit a collar of woven mineralized bone on 
the surface of the anlage. This heralds the transformation of the 
perichondrium into periosteum. The periosteum, osteoblasts, and 
the thin 
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surface layer of bone form the primary center of ossification and 
delineate the middle region of the diaphysis (Figures 
4.28,4.29,4.30,4.31). 
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Figure 4.26 Cartilage anlage of femur in an embryo. The 
perichondrium is in intimate contact with the cartilage. 


Figure 4.27 Cells of mesechymal condensation surrounding 
an area in which they have differentiated into hyalin cartilage 
anlage. The chondrocytes show early hypertrophy. 


e The chondrocytes in the center of the anlage shaft become 
encased by the periosteal shell of bone and begin to hypertrophy 
and swell (Figures 4.27,4.28,4.29,4.30,4.31). The cell 
enlargement is accompanied by an increase in intracellular 
glycogen and in the perichondrocyte depostion of type X 
collagen, and soon thereafter the chondrocytes undergo apoptotic 
necrosis (51,52,53,54). Concurrently, the surrounding matrix 
mineralizes, largely via matrix vesicles, although some 
crystallization may occur within collagen fibers. 
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Figure 4.29 Cross section of the diaphysis of an embryonic 
femur. The thin, collarlike primary center of ossification is 
between the hypertrophying chondrocytes and the periosteal 
cells. 


e A capillary network originating from periosteal vessels forms and, 
with the aid of osteoclastic (chondroclastic) resorption, 
penetrates the woven bone of the primary center of ossification 
(Figure 4.32) into the mineralized cartilage. The capillaries are 
the precursor to the future nutrient vessels and are accompanied 
by pericytes and other primitive mesenchymal cells, including 
osteoprogenitor and osteoclast progenitor cells. 


As the cartilaginous core of the bone undergoes continued 
resorption, osteoblasts derived from perivascular stem cells deposit 
layers of osteoid on the residual longitudinally oriented 
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struts of mineralized cartilage. These trabeculae, composed of a 
central cartilaginous core covered by a rim of bone, are the first (or 


primary) trabeculae formed, and together they form the primary 
spongiosa. The spaces that develop as a consequence of the cartilage 
resorption then coalesce and form the medullary cavity, which is 
initially filled with loose connective tissue. Eventually, it becomes 
occupied by varying amounts of adipose tissue and hematopoietic 
elements. This complex process begins within the center of the shaft 
and progresses toward both ends of the bone. When complete with 
primary trabeculae and an adjacent secondary center of ossification 
(see below), this is recognized as the fully developed growth plate 
(the physis) (Figures 4.33,4.34,4.35,4.36). 


Figure 4.30 Longitudinal section of the primary center of 
ossification in an embryonic femur. The cellular layer of the 
periosteum is producing osteoblasts, which have formed a layer 
of pink osteoid. The outer spindle cells of the periosteum are 
oriented longitudinally along the femoral shaft. The underlying 
chondrocytes show hypertrophy. 


Figure 4.31 Primary center of ossification. A thin pink layer of 
osteoid, containing flattened osteocytes, separates the 
hypertrophied chondrocytes from the periosteal osteoblasts. 


Figure 4.32 Primary center of ossification with capillary 
proliferation indicating the early formation of the nutrient artery. 
Between these capillaries, new trabecular membranous woven 
bone is being formed: in the cambium layer of the periosteum. 
The outer fibrous layer of the periosteum is more cellular than in 
the adult. 


The fully developed growth plate is structured and has been divided 
into five merging regions that correspond to different stages of 
chondrocyte maturation (Figures 4.34, 4.36). As the chondrocytes 
pass through the different stages, they do not literally move within 
the matrix but mature in the position they occupy when first formed. 
Important regulators of this sequence of chondrocyte growth and 
maturation are thelndian hedgehog gene and parathyroid 
hormonea€“related protein (PTHrP) (54,55,56). The zones include: 
(a) a region of resting or reserve chondrocytes located nearest the 
ends of the bone; (b) a region of proliferating chondrocytes that 
become arranged in spiral columns; (c) a region of chondrocyte 
hypertrophy; (d) a region of chondrocyte apoptotic necrosis and 
matrix mineralization; and (e) a region of cartilage resorption by 


osteoclasts (chondroclasts) that tunnel into the mineralized matrix 
and leave behind residual longitudinal struts of cartilage that parallel 
the long axis of the bone. The orientation of the struts is determined 
by the preexisting columnar arrangement of the chondrocytes in the 
proliferative and hypertrophied zones (Figures 4.34, 4.36). These 
cartilaginous struts act as scaffolding for newly deposited woven 
bone. These struts of mineralized cartilage covered by newly formed 
woven bone are the primary trabeculae (Figures 4.36,4.37,4.38). The 
rate of growth differs for each physeal plate and is greatest in the 
growth plate of the distal femur, 

P.90 

P.91 
followed by that of the proximal tibia. In diseases in which 
mineralization of the cartilage is impaired (rickets), removal of the 
cartilage is handicapped, and the zone of hypertrophy becomes 
massively and irregularly thickened. While most tubular long bones 
have two epiphyseal growth plates, other bones (such as the ribs and 
some of the phalanges, carpals, tarsals, metacarpals, and 
metatarsals) have only a single physis. The growth plates, located at 
the diaphyseal-epiphyseal junctions of the bones, are delineated 
peripherally by a circumferential, thin collar of membrane bone that 
is a continuation of the primary center of ossification and is called 
the ring of Ranvier (Figures 4.34, 4.35) (57). 


Figure 4.33 Gross photograph of the femoral heads of 3.5-year- 
old male. The secondary centers of ossification in the femoral 
heads are separated from the primary centers by the epiphyseal 
growth plates (the physes). The secondary center of ossification 
of the apophysis of the greater trochanter has not as yet formed. 
The metaphyses and diaphyses resemble their adult shapes. 
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Figure 4.34 Photomicrograph of the epiphyseal growth plate of 
the costochondral junction from a 2-month-old male. The growth 
plate is surrounded by the ring of Ranvier. No secondary center 
is present. Primary trabeculae with central cartilaginous cores 
are seen in the metaphysis and upper diaphysis. 


Figure 4.35 Ring of Ranvier, composed of bone that forms by 
the process of intramembranous ossification beneath the 
periosteum on the left and delineates the peripheral portion of 
the epiphyseal growth plate near the metaphysis. 


Figure 4.36 Photomicrograph of a maturing epiphyseal growth 
plate, showing the reserve zone (top), the proliferating zone, the 
hypertrophied zone, and zone of mineralization of the cartilage. 
The primary trabeculae are oriented vertically and are supporting 
the base of the growth plate. 


Figure 4.37 Junction between the mineralized cartilage columns 
and the primary trabeculae with the mineralized cartilage cores 
covered by a layer of woven bone. 


Figure 4.38 Longitudinal section of the epiphyseal growth plate, 
showing the zone of mineralization of the cartilage (orange) and 
the cartilage struts are being covered by a thin layer of osteoid 

(blue-green). Capillaries with numerous erythrocytes (green) are 
present between the primary bone trabeculae. (Goldner's stain.) 
(This slide was prepared by Glimcher MJ, Roth SI, Schiller AL, as 
part of a course in the Pathophysiology of Bone for the Harvard 

Medical School, Boston, MA.) 


Concurrent with continued appositional and interstitial growth of 
epiphyseal and growth plate cartilage are dramatic changes in the 
cortex. As the bone increases in diameter, subperiosteal bone is 
deposited while the bone along the endosteum is resorbed so that 


the cortical thickness remains proportionally uniform and the 
medullary cavity enlarges. The bone that first forms the cortex is 
woven in nature; but, within the first several years of life, the 
fabricated bone is lamellar. Variation in the rate of formation and 
resorption changes the shape of the bone. This is most pronounced in 
a region just distal to the base of the growth plate, known as the 
a€cecut backa€* zone. The cut back zone is rich in subperiosteal 
osteoclasts, which reduce the diameter of the bone to that of the 
diaphysis, and this results in a€oefunnelizationda€* of the bone. At 
the same time, the cortical thickness is maintained or increases by 
appositional new bone formation on the endosteal surface of the 
cortex. During growth and development, the diameter of the 
diaphysis continues to enlarge and in specific sites becomes 
asymmetric. This process is dynamic and not only determines the 
eventual diameter of the bone but controls the thickness and contour 
of the cortex. The increase in diaphyseal diameter is the result of 
periosteal osteoblastic bone formation. The thickness of the cortex is 
maintained by endosteal osteoclastic bone resorption. Conditions 
altering the balance of bone formation and resorption may cause 
abnormally thickened or significantly thinned (osteoporotic) cortices. 


In most long bones, a similar process subsequently develops in the 
middle of the epiphysis, and this region is the secondary center of 
ossification (Figures 4.33, 4.39). A few long bones have a similar 
growth center in the apophyses. The maturation and replacement of 
the cartilage anlage in a secondary center is identical to that which 
occurs in the diaphysis except that the maturation proceeds from the 
center centrifugally, toward the periphery. This means that the 
growing area of the secondary center is, at first, a sphere. 
Eventually, the enlarging primary and secondary centers of 
ossification approach one another, entrapping a cylindrical segment 
of residual cartlage anlage and delineating the final form of the 
physis. 


Continued growth of the primary and secondary centers of 
ossification results in the mergence of their reserve zones. At this 


time, a plate of bone demarcating the 
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secondary center from the forming growth plate is deposited. From 
then on, the centrifugal growth of the epiphysis is hemispheric. The 
cartilage located at the base of the true articular cartilage is 
responsible for progressive epiphyseal enlargement, and it has the 
architectural organization of a physis. Variation in the subarticular 
growth results in concordant shapes of the ends of the adjacent 
bones about the joint spaces. The epiphysis receives its nutrition 
primarily from blood vessels within the bone and its adjacent 
periosteum, whereas, the true articular cartilage is nourished by 
synovial fluid. 


Figure 4.39 Photomicrograph of the secondary center of 
ossification of the femoral head. The nutrient vessels from the 
ligamentum teres are seen. Osteoid (green) is seen on the 
cartilage trabeculae (orange) in the spherical center. (Goldner's 
stain.) 


In the apophyseal cartilage, located on the surface of the bone, a 
secondary-like center of ossification appears and is responsible for 
the development of apophyseal bone of the iliac crests, the greater 
and lesser trochanters of the femur (Figure 4.34), and the tibial 
tuberosities, to name a few. 


Once enchondral ossification is well underway at the growth plate, 
modeling of the newly formed bone begins. The primary spongiosa 
undergoes complete osteoclastic resorption, and secondary 
trabeculae composed solely of lamellar bone are deposited. The 
expanding medullary cavity becomes largely free of spicules of 
cancellous bone in much of the diaphysis and fills with adipose tissue 
and the hematopoietic marrow. Subperiosteal bone deposition and 
endosteal resorption of the cortex maintains a proper, tubular shape, 
and mechanical forces exerted by weight bearing and muscle 
attachments alter the rate of these processes in specific regions, 
which help sculpt the contour of the bone. 


Several hormones, including parathyroid hormone, growth hormone, 
somatomedins, thyroid hormone, androgens, estrogens, and adrenal 
cortical hormones, are essential regulators of bone growth. At 
puberty, low doses of androgens and estrogens cause an increase in 
cell division in the proliferative zone of the growth plate and the 
secondary center of ossification. This is accompanied by an increase 
in the rate of cartilage maturation, mineralization, osteoclastic 
removal, and formation of primary trabeculae. In toto, these effects 
produce the so-called growth spurt seen at puberty. As estrogen and 
androgen levels increase and growth hormone and somatomedin 
levels fall off, chondrocyte proliferation decreases while maturation 
and bone formation proceed. This leads to a diminution or thinning of 
the growth plate, and eventually all of the cartilage of the growth 
plate undergoes complete enchondral ossification, leaving little or no 
evidence of its previous existence. At this time, the growth plate is 
considered closed, and all additional bone growth is appositional 
(Figure 4.40) (1,14). Cessation of growth of the secondary centers of 
ossification occurs in a similar fashion. However, a remnant of 


mineralized growth cartilage, which is the tide mark cartilage, 
persists at the base of the articular surface. It is demarcated from 
the true articular cartilage by a thin undulating layer of more densely 
mineralized matrix, known as the tidemark (Figure 4.41). The 
biologic potential of the tidemark cartilage persists as increases in 
hormones, such as growth hormone in the setting of acromegaly, can 
reactivate the process of enchondral ossification and produce 
additional growth in the adult. In normal circumstances, however, 
the vestige of the growth cartilage remains dormant and functions as 
an anchor of the true articular cartilage to the subchondral bone 
plate. 


Figure 4.40 Closing epiphyseal growth plate in a 16-year-old 
boy. The periphery of the plate has been bridged by bone 
connecting the diaphysis and the secondary center of 
ossification. Cellular proliferation in the physis has ceased while 
the maturation process continues. The secondary center of 
ossification is at the top of the micrograph above the remnant of 
the physis. 


Figure 4.41 Section of base of articular cartilage in the region of 
the tidemark. The tidemark separates the articular 

nonmineralized cartilage (above) from the mineralized cartilage 
remnant of the physis and the lamellar bone of the subchondral 
plate (below). 


Figure 4.42 Intramembranous bone from a fetal skull. The 
osteoblasts are large along the randomly formed trabeculae. The 
osteocytes and their lacunae are large, round, and irregularly 
spaced in the trabeculae. (Trichrome stain.) 
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Intramembranous Ossification 


Intramembranous ossification, or bone growth, refers to the process 
of bone formation in which the tissue occupying the site of the future 
bone or bone tissue is a fibrouslike membrane. The membrane is rich 
in osteoprogenitor cells and in normal situations forms the 
mesenchymal condensations in the developing embryo, the 
periosteum in the fetus, child, and adult, and the thin layer of fibrous 
tissue adjacent to all active bone-forming sites. The osteoprogenitor 
cells within the membrane produce offspring that differentiate into 
mature osteoblasts that directly deposit bone matrix (Figures 4.19, 
4.42). Large portions of the flat bones of the skull, including the 
frontal, parietal, occipital, and temporal bones, form by this process 
(1,14). Also, since the cortices of all bones are largely created by 


osteoblasts derived from the cambium layer of the periosteum, all 
bones, in at least some part, are formed by intramembranous 
ossification. Growth of membranous bone occurs only by the 
apposition of new bone, and the medullary cavites of membranous 
bones are created and maintained by endosteal osteoclastic activity. 
Initially, the marrow spaces of these bones are composed of highly 
vascularized loose connective tissue, which is eventually replaced by 
adipose and hematopoietic tissues. 


Modeling and Remodeling 


The processes of bone formation and resorption are tightly coupled, 
and their balance determines skeletal mass at any point in time (58). 
As the skeleton grows and enlarges (undergoes modeling) during 
childhood and young adulthood, bone formation predominates, 
whereas after the third or fourth decades bone resorption prevails. 
The breakdown and renewal of bone fundamental to the formation 
and maintenance of the skeleton is called remodeling. Remodeling is 
a dynamic process involving the removal and replenishment of both 
cortical and trabecular bone; it continues throughout life to maintain 
bone mass, skeletal integrity, and skeletal function. (39,59). This 
process is complex and at least partially controlled by the central 
nervous system through hormones (such as leptins) and by 
mechanically induced microdamage. It depends on the integrated 
actions of osteoblasts, osteocytes, and osteoclasts (60). Together 
these cells form the functional or basic multicellular unit of bone 
(BMU, or bone remodeling unit of Frost) and, in adults, are 
responsible for remodeling approximately 10% of the skeleton on an 
annual basis (Figures 4.43, 4.44) (61). This feat is accomplished by 
approximately 1 million BMUs that are active at any one time, and 
which likely first target sites that are experiencing fatigue and 
microdamage (33). The process may begin on any bony surface and 
incorporates three phases of cell activity: activation, bone 
resorption, and bone formation (62). 


Many pathologic conditions of bone result from abnormalities in bone 
remodeling (1,9). These disorders may be generalized, in the form of 
a metabolic bone disease, or localized to small regions of the 
Skeleton or individual bones. For instance, the diminished bone mass 
in postmenopausal osteoporosis, hyperparathyroidism, and 
hyperthyroidism results from increased osteoclastic bone resorption, 
which is not adequately compensated for by an appropriate amount 
of new bone formation. The lytic lesions in early Paget's disease or 
those caused by metastases and myeloma result from localized 
increased osteoclastic bone resorption, which is significantly greater 
in amount than any new bone that is deposited. The goal of therapy 
for this broad spectrum of diseases is to restore bone mass, balance 
bone formation and resorption, and protect and maintain strutural 
integrity. 


Figure 4.43 Basic multicellular unit (bone remodeling unit of 
Frost) of bone. Osteoclasts form the leading edge of the bone 
resorption (a€oethe cutting conea€* ), and just behind them are 


mononuclear macrophages and osteoblasts. The newly created 
space is filled with a vascular loose connective tissue. 
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Figure 4.44 Drawing of the basic multicellular unit (bone 
remodeling unit of Frost) of bone. The resting osteoblasts are 
replaced by osteoclasts. New osteoblastic bone fills the resorbed 
lacunae of the haversian canal. 
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5 
Joints 


Peter G. Bullough 


Introduction 


Bone, cartilage, ligaments, and tendons have primarily a mechanical 
function: providing movement, stability, and protection. Unlike the 
liver or kidneys, which are composed mainly of cellular elements with 
a metabolic function, the connective tissues are mostly formed of an 
extracellular material (or matrix) made up of substances to resist the 
tensile and compressive forces to which they are subjected. 


The Normal Joint 


The ends of contiguous bones together with their soft tissue 
components, including cartilage, ligaments, and synovium, constitute 
a functioning unit: the joint. There are three types of joints. The 
most common is the diarthrodial joint, which is a cavitated movable 
connecting unit between two bones. (Hyalin cartilage covers the 
articulating surfaces of the diarthrodial joints, with the exception of 
the sternoclavicular and temporomandibular joints, which are 
covered by fibrocartilage.) The second type is the amphiarthrodial 
joint, typified by the intervertebral disk and characterized by limited 
mobility. The third type is the fibrous synarthrosis, such as the skull 
sutures, which are nonmovable joints and will not be discussed 


further. 


Diarthrodial Joint 


Histology makes more sense when we have an understanding of both 
the function and dysfunction (i.e., the pathology) of the joint. In the 
diarthrodial joint normal function is characterized by: the 
maintenance of stability during use; freedom of the opposed articular 
surfaces to move painlessly over each other within the required 
range of motion; and an equitable distribution of load across joint 
tissues. Conversely clinical joint dysfunction is characterized by 
instability, loss of motion, maldistribution of load, and pain. 


The three interdependent aspects of normal joint function depend on 
the shape of the joint, the mechanical properties of the extracellular 
matrices of the various tissues, and the integrity of the 
neuromuscular control. 


The Shape 


Perhaps the most obvious feature of any joint is the shape of its 
articulating surfaces. In general, one surface is convex and the other 
concave. The convex side of the articulation 
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usually has a larger surface than the concave side. These 
complementary shapes permit the normal range of motion, as well as 
providing stability and equitable loading during use. 


Figure 5.1 A. Sagittal section through the hip joint seen by MRI 
shows a close fit between the acetabulum and femoral head. B. 
Lateral MRI of a normal knee shows the gross incongruity of the 
articular surfaces. This is partially corrected by the interposed 

menisci, which act as load-bearing structures. 


In some joints at first sight the articular surfaces appear to fit 
exactly (i.e., they appear congruent) (e.g., the hip and the ankle) 
(1). However, in other joints (e.g., the knee and finger joints), it is 
readily apparent that the surfaces are incongruent (Figure 5.1). 


In a movable joint, congruence in all positions of the joint would 
necessitate that all joint surfaces were either perfectly spherical or 
cylindrical, which obviously they are not. Therefore no joint can be 
congruent in all positions (though in every joint there is usually a 
position in which it is most congruent) (2). 


Figure 5.2 A. Light load. At rest and under light load, limited 
contact at the joint periphery assures access for synovial fluid to 
the joint space. B. Increased load. With increasing load, 
deformation of the bone and cartilage allow increased contact of 
the cartilage surfaces and an equitable distribution of the load. 
Cyclical loading permits circulation of the synovial fluid in the 
joint and between the articular surfaces to provide for the 
metabolic needs of the cartilage. 


In some joints, of which the knee is a notable example, the gross 
incongruencies of the opposed surfaces are partially compensated for 
by the interposed, pliable intra-articular fibrocartilaginous menisci 
(3). The menisci constitute an important component contributing to 
joint morphology and function and cannot be removed or damaged 
without significant consequences. 


In many joints, perhaps most, the initial contact between the 
opposed articular surfaces seems to be at the periphery of the joint. 
However, because the tissues that make up the articulating surfaces 
(particularly the cartilage but also the bone) undergo elastic 
deformation when loaded, the surfaces come into increasing contact 
as the load increases, thereby distributing the load more equitably 
(Figure 5.2). 
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The incongruence, the deformation of the joint space under load, and 
the movement of the joint provide for the circulation and mixing of 
the synovial fluid, which, because the articular cartilage has no blood 
Supply, are essential to the metabolism of the chondrocytes. 


The Mechanical Properties of the 
Extracellular Matrices 
In 1743, William Hunter (4) noted that: 


The articulating cartilages are most happily 
contrived to all purposes of motion in those parts. 
By their uniform surface, they move upon one 
another with ease; by their soft, smooth and 
Slippery surface, mutual abrasion is prevented; by 
their flexibility, the contiguous surfaces are 
constantly adapted to each other and the friction 
diffused equally over the whole; by their elasticity, 
the violence of any shock, which may happen in 
running, jumping, etc. is broken and gradually 
spent; which must have been extremely pernicious, 
if the hard surfaces of bones had been immediately 
contiguous. 


These mechanical properties of articular cartilage (as of all other 
connective tissues) are determined by the extracellular matrices. 


In each of the different connective tissues (bone, cartilage, ligament, 
etc.), as well as in each particular anatomic structure, the matrices 
have a unique composition and structural organization that provide 
for mechanical function at that locus. Disturbances in the structure 
and/or composition of the extracellular matrix of articular cartilage 
may result in joint dysfunction, and we should add that, since the 
joint also includes the bone beneath the cartilage as well as the 


capsule and ligaments, alterations in the mechanical properties of 
bone or disruption of the ligaments could have equally disastrous 
effects on joint function. Clearly some knowledge of the matrix 
components is necessary to an understanding of connective tissue 
diseases. 


The connective tissue matrices are mostly synthesized and to some 
extent broken down by their intrinsic cells (e.g., fibroblasts, 
osteoblasts, osteoclasts, chondrocytes). In maintaining the 
physicochemical and mechanical properties of tissues, the 
metabolism of these cells must be subject to highly sensitive 
feedback systems involving both local and systemic factors. 


Collagen fibers, the principal extracellular component of connective 
tissues, are made up of bundles of fibrils, which in turn, are 
composed of stacked molecules formed from polypeptide chains 
arranged in a helical pattern. Fourteen different types of collagen 
molecule are now known, and these vary both in size and 
configuration (5). 


Type | collagen is both the most common form of collagen and the 
major form of collagen found in skin, fascia, tendon, ligaments, and 
bone. Many other types of collagen are also aligned in a staggered 
array to form collagen fibrils. However there are also nonfiber- 
forming collagens that have varying functions, such as acting as 
binding sites for other matrix components (type IX collagen) or 
facilitating calcification (type X collagen) (6). 


Articular hyalin cartilage has a unique type of collagen, type Il, 
which is structurally characterized by three triple helical Î+-1 (II) 
chains. The type II fibrillar network gives articular cartilage its 
tensile strength and, together with the proteoglycans, is essential for 
maintaining the tissues volume and shape (7). 


The fibrillar collagens provide tensile strength. However, connective 
tissues are also subjected to compression. In bone, the compressive 
load is resisted by hydroxyapatite. In cartilage, it is the filler 


between the collagen fibers that provides the compressive strength 
of the tissue, as well as its viscoelastic properties. This filler is 
composed of large negatively charged macromolecular proteoglycan 
aggregates. 


Proteoglycans (PGs) are a group of heterogenous molecules, 
consisting of protein chains and attached carbohydrates, which have 
a sticky gel-like quality. The major PG in cartilage is aggrecan (8), 
containing a protein core of Mr 2.15 A— 10° to which carbohydrate 
side chains (keratan and chondroitin sulfate) are attached. The core 
protein, which contains three globular domains, interacts with 
hyaluronic acid, and this interaction is stabilized by link protein. As 
many as 200 aggrecan molecules bind to one hyaluronic acid chain 
(Mr 1a€“2 A— 106) to form an aggregate (Mr 5 A— 107 to 5 A— 108). 


The highly charged PG molecules attract water and swell 

considerably. However, within the cartilage, the expansion of the PGs 
is restricted by the collagen network to approximately 20% of the 
maximum possible; this creates a swelling pressure within cartilage 
tissue. When cartilage is loaded, some water is extruded and PGs are 
further compressed. Removal of the load permits the imbibing of 
water into the tissue, together with essential nutrients, until the 
swelling pressure of the PGs is again balanced by the tensile 
resistance of the collagen network. 


Aggrecan shows an age-related decrease in size and enrichment in 
keratan sulfate relative to chondroitin sulfate, and these changes 
may relate to the observed age-dependent change in the stiffness 
and water content of the cartilage (9). 


In addition to aggrecan, the extracellular matrix of cartilage contains 
many noncollagenous proteins and proteoglycans, whose precise 
functions are only just beginning to be understood. These molecules 
may serve a structural or regulatory rolea€”and in some cases may 
do botha€”because degradation products of some of the structural 
molecules are known to influence the chondrocyte. The recognition of 
genetic disorders in which synthesis of the matrix molecules is 


perturbed has aided greatly in our understanding of their functional 
role, but the reason for many site- and age-related restrictions in 
expression remains unclear. This is an area where there is still a 
wealth of information to be mined (10). 


In a mature joint, cyclic hydrostatic fluid pressure through the entire 
cartilage thickness is comparable in magnitude to the applied joint 
pressure. Prolonged 
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physical activity can cause the total cartilage thickness to decrease 
about 5%, although the consolidation strains vary tremendously in 
the superficial, transitional, and radial zones. The superficial zone 
can experience significant fluid exudation and consolidation 
(compressing strains) in the range of 60%, while the radial zone 
experiences relatively little fluid flow and consolidation. The 
topological variation in the microscopic appearance and quantitative 
biochemistry of articular cartilage is influenced by the local 
mechanical loading of chondrocytes in the different zones. Patterns 
of stress, strain, and fluid flow created in the joint result in spatial 
and temporal changes in the rates of synthesis and degradation of 
matrix proteins. When viewed over the course of a lifetime, even 
subtle differences in these cellular processes may be expected to 
affect the micro- and macromorphology of articular cartilage. 


Figure 5.3 A. Photograph of an intervertebral disk seen in cross 
section. Note the layers of circumferential fibers that make up 
the annulus fibrosus and the well demarcated bulging central 
mass of the nucleus pulposus. Note also the decreasing width of 
the annulus from anterior (top) to posterior (bottom). B. In this 
desiccated specimen of the lower lumbar spine, the alternating 
oblique orientation of the collagen fibers in the annulus can be 
appreciated. 


Capsular, Pericapsular Tissues, and 
Muscular Control 


Any consideration of functional joint anatomy must include the 
capsule of the joint with its synovial lining; the ligamentous 
conjoining of the articulating surfaces; and the neuromuscular 
control of joint motion. Through the perception of touch, 
temperature, pain, and position, sensory feedbacks monitor our 
movements. Correct joint function is thus dependent on intact 
ligaments, muscles, and nerves. As recognized by Charcot a 
breakdown of neuromuscular coordination can lead to profound 
arthritis (11). 


Amphiarthrodial Joint 


The intervertebral disk can be divided into two components: the 
outermost fibrous ring (annulus fibrosus) and the innermost 
gelatinous core (nucleus pulposus). 


The annulus, when viewed from above, is seen to contain fibrous 
tissue layers arranged in concentric circles. Each layer extends 
obliquely from vertebral body to vertebral body, with the fibers of 
one layer running in a direction opposite to that of the adjacent 
layer. This arrangement of alternating oblique layers provides for 
motion that is universal in direction (rotation, flexion and extension 
but restricted in degree (Figure 5.3). 


The fibers of the annulus are attached by Sharpey's fibers to the 
bony endplates of the adjacent vertebral bodies. The fibrous lamellae 
are stronger and more numerous in the anterior and lateral aspects 
of the disk than in the posterior aspect, where they are sparser and 
thinner. The anterior annulus is therefore almost twice the thickness 
of the posterior annulus. This variation probably reflects the 
additional protection offered by the posterior elements of the 
vertebral bodies. As a result of the variation in thickness of the 
annulus, the nucleus pulposus typically occupies an 
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eccentric position within the disk space, being closer to the posterior 
margin. 


Figure 5.4 The nucleus pulposus of the disk (top) is separated 
from the bone (bottom) by a dense layer of hyaline cartilage, as 
demonstrated in this photomicrograph (H&E stain, A—4 
objective). 


Figure 5.5 A. A femoral head, resected from a 16-year-old, 
demonstrates the blue-white translucency of young healthy 
cartilage. B. For comparison, the tibial plateau of a 50-year-old. 


The cartilage is smooth and healthy in appearance but is more 
yellowish in color and opaque in quality than that of the 16-year- 
old. 


The tissue of the nucleus is separated from that of the bone above 
and below by a clearly defined layer of hyalincartilage which extends 
to the inner margins of the insertion of the annulus (Figure 5.4). 


On microscopic examination, the nucleus pulposus shows a varying 
number of stellate and fusiform cells suspended in a loose 
fibromyxoid matrix rich in proteoglycans. 


Because no blood vessels are present in most of the adult disk 
tissue, nutrients must travel by diffusion from capillary beds at the 
disk margins. A restricted flow of nutrients to the nucleus and inner 
annulus may contribute to disk degeneration in the adult. 


It should be noted that disk height, in general, is not the same in all 
segments of the spine, the cervical and thoracic disks being flatter 
than those of the lumbar region. There is also a variation in disk 
height from front to back, relative to the curvature of the spine. With 
age, the disk gets thinner as a result of age-related dehydration of 
the disk. 


The Normal Joint Tissues 
Articular Cartilage 


Morphology 


The articular ends of the bones are covered by hyalin cartilage, 
which is a nerveless, bloodless, firm, and yet pliable tissue. Hyalin 
cartilage deforms under pressure but recovers its original shape on 
removal of pressure (12). In growing children, cartilage is the most 
obvious precursor of the bony skeleton, and it is the means by which 


the bones increase in length by the mechanism of endochondral 
ossification through the medium of the cartilaginous growth plate 
(physis). 


In young people, hyalin cartilage is translucent and bluish-white; in 
older individuals, it is opaque and slightly yellowish (13) (Figure 
5.5). This change in the appearance of the articular cartilage with 
advancing age is also seen in other connective tissues and is 
probably related to a number of factors, including dehydration of the 
tissues, increased numbers of cross linkages in the collagen, and the 
possible accumulation of pigment. 


On microscopic examination, articular cartilage is characterized by its 
abundant glassy (hyalin) extracellular matrix with isolated, relatively 
sparse cells located in well-defined spaces (lacunae) (Figure 5.6). It 
is usually described as having four layers (or zones): superficial, 
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intermediate, deep, and calcified. In the superficial layer, the cells 
are flat. In the intermediate zone, the cells have a tendency to form 
radial groups that apparently follow the pattern of collagen 
disposition. In the deep zone, the cells are hypertrophied; and in the 
calcified zone (i.e., the zone adjacent to the bone), the cells are 
nonviable and the matrix is heavily calcified (Figures 5.7 and 5.8). 


Figure 5.6 Photomicrograph of normal articular cartilage 
obtained from the femoral condyle of a middle-aged individual 
(H&E stain, A—4 objective). 


Within the mineralized bone matrix, the cells are connected with one 
another by means of cytoplasmic processes; however, no such 
syncytial arrangement is present within the cartilage. The 
chondrocytes are dependent upon the diffusion of solutes through the 
extracellular matrix for their metabolism. Since the matrix of the 
deep calcified zone of the articular cartilage effectively blocks the 
passage of solutes from the subchondral bone, the articular cartilage 
is thus dependent on the diffusion of nutrients and the exchange of 
metabolites from the synovial fluid through the articular surface 
(14). 


In the late nineteenth century, Hultkranz (15) demonstrated that the 
precisely organized fibrous system within normal articular cartilage is 
readily demonstrable by the simple expedient of pricking the articular 
surface with a pin. When this is done, a split results; if the pricking 
is repeated all over the surface, a pattern of split lines is revealed 
that is constant for each joint from individual to individual (16) 
(Figure 5.9). 


Figure 5.7 In this diagram of the articular surface, the 
Organization of the articular surface seen on Figure 5.6 is shown 
diagrammatically. This distribution of the collagen arcades 
described by Benninghoff has been drawn in (w). Noncalcified 
articular cartilage has been removed to reveal the surface of the 
tidemark (x). The small a€cevolcanica€* structures (y) represent 
the location of the cells in the calcification front. The vessels that 
penetrate the calcification cartilage (z) are seen just beneath the 
calcification front. A dissection (upper right) shows the vessels 
when the cartilage has been pared away, and a scanning electron 


photomicrograph (lower right) shows the section from which the 
diagram was reconstructed. 


When the superficial layer of the cartilage is pared away and the 
exposed surface pricked, only small round holes appear instead of 
fissures. If the cut edge of the cartilage is pricked, a vertical split 
line is produced, and this occurs in all planes of section (Figure 
5.10). If the fissures reflect the internal fiber arrangement of the 
cartilage, then at the articular surface the fibers run parallel to the 
surface and in the general direction of the split line, and in the 
deeper layers of the cartilage the fibers are predominantly vertical 
(17). 


A combination of polarizing microscopy, transmission electron 
microscopy, and scanning electron microscopy have confirmed that 
the principal orientation of collagen fibers in articular cartilage is 
vertical through most of its thickness and horizontal at the surface 
(17) (Figure 5.11). 


Electron microscopic studies have shown that, in the surface layer of 
normal articular cartilage, the collagen fibers are closely packed, of 
fine diameter, and mostly oriented parallel to the joint surface. The 
collagen content of cartilage progressively diminishes from the 
superficial to 
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the deep layer. In deep layers, collagen fibers are more widely 
separated, thicker in diameter, and are vertically aligned in such a 
fashion as to form a web of arch-shaped structures (18) (Figure 
5.12). The collagen fibers are continuous with those in the calcified 
layer of cartilage but not with underlying subchondral bone. The 
morphology of the collagen-fibril network influences the local 
stresses and strains in the articular cartilage (19). 


Figure 5.8 A. Scanning electron photomicrograph of the surface 
of the tidemark after the uncalcified articular cartilage had been 
digested away. The small dots represent chondrocytes embedded 
in the mineralization front (tidemark). The larger voids result 
from underlying vessels close to the tidemark. The cracks are 
preparation artifact. B. The appearance of chondrocytes 
embedded in this surface is shown in a cross sectional image of 
an H&E section, photomicrographed using polarized light. The 
Same sample (as in B) is shown inC. as in a transmission 
electron and inD. as a higher power scanning image. It is 
hypothesized that this layer of embedded chondrocytes regulates 
the rate of active calcification at the tidemark. 


The menisci of the knee are composed mainly of collagen, although 
some PG is also present. Microscopic examination of carefully 
oriented sections has shown that the principal orientation of the 
collagen fibers in the menisci is circumferential to withstand the 
circumferential tension within the meniscus during normal loading of 
the knee joint. The few small radially disposed fibers probably act as 
ties to resist any longitudinal splitting of the menisci that might 
result from undue compression (20) (Figure 5.13). 


The precise organization of collagen in the cartilage, in the annulus 
of the intervertebral disc, and in the menisci is also present in all the 
connective tissues of the body (e.g., Langer's lines in the skin) and 
serves a mechanical function in all of these locations. 
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Figure 5.9 Photograph of the articular surfaces of three radial 
heads from three different individuals after the surfaces have 
been pricked with a pin whose tip had been dipped in India ink. 
Note the resulting pattern of split lines, which is unique for each 
joint in the body. Note that the pattern is similar from individual 
to individal. 


Figure 5.10 Photograph of a portion of articular cartilage that 
has been sectioned vertically to show the cut edge and the 
underlying bone. The direction of pin pricks made on the surface 
can be seen; additional pin pricks have been made on the cut 
edge, all of which resulted in vertical splits. 


Figure 5.11 In this polarized-light photomicrograph, the surface 


collagen fibers can be visualized as blue, the deeper collagen 
fibers (which are perpendicular) as yellow. Collagen cannot be 
seen in the intermediate area because the fibers in this zone are 
decussating as in the model of Benninghoff's arcade shown in 
Figure 5.7 (A—4 objective). 


Figure 5.12 A. A transmission electron micrograph taken from 
tissue cut parallel to the surface collagen layer demonstrates thin 
closely packed and oriented fibers (A—10,000). B. Transmission 
electron micrograph, taken from tissue obtained from the 
midzone of the cartilage and cut randomly, demonstrates 
variable fiber thickness and more widely separated fibers than 
are seen at the surface (A—10,000). 
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Figure 5.13 A. A drawing to illustrate the distribution of 
collagen fibers in the meniscus. The majority of the fibers are 
circumferentially distributed to resist the tension generated in 
the meniscus when the knee is under compressive load. The 
radially distributed fibers are most obvious on the tibial surface 
of the meniscus. (Modified from: 

Bullough PG, Munuera L, Murphy J, Weinstein AM. The strength of 
the menisci of the knee as it relates to their fine structure. J 
Bone Joint Surg Br 1970;52:564a€“567 

with permission). B. Photomicrograph of a cross section of 
meniscus seen with polarized light. The tibial surface is the 
bottom edge where most of the fibers are radially arranged (A—1 
objective). 


The distribution of PGs in the cartilage matrix is also related to the 
mechanical requirements. It varies quantitatively and possibly 
qualitatively from joint to joint, geographically within a single 
articular surface, and also as a function of age. (In general, PG 
distribution is more even in children than in adults.) The surface 
layers of the cartilage contain much less PG than do the deeper 
layers. In the deeper layers, there is a higher concentration of 
staining with safranin O and methylene blue around the cells (the 


pericellular matrix) than between the cells (the intercellular matrix) 
(21) (Figure 5.14). 


Besides the PG aggregates, the articular cartilage contains other 
extracellular matrix proteins. Chondrocalcin (type X collagen) is a 
protein probably involved in the calcification process. Anchorin (type 
IX collagen) is a protein on the surface of chondrocytes involved in 
binding of these cells to extracellular matrix components, possibly 
transmitting altered stress in type II fibers to chondrocytes. 
Fibronectin, thrombomodulin, and cartilage oligomeric high Mr matrix 
protein are all found in cartilage, but their precise functions are not 
yet established. 


Figure 5.14 Portion of cartilage showing intense metachromasia 
around the chondrocytes in the deep part of the noncalcified 
cartilage. This represents staining of the proteoglycan. There is 
much less staining in the interterritorial matrix than around the 
cell. Even less staining is seen in the calcified cartilage 
(methylene blue stain, A—25 objective). 


In histologic sections stained with hematoxylin and eosin, the 


junction between the calcified cartilage and the noncalcified cartilage 
is marked by a basophilic line known as the tidemark (Figure 5.15). 
This basophilic line is not seen in the developing skeleton but is 
clearly visible in the 
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adult. In older individuals (over 60), replication of the tidemark is 
usually evident, and in osteoarthritic joints replication may be 
marked (Figure 5.16). Mechanical failure in the deep cartilage rarely, 
if ever, gives rise to separation at the bone cartilage interface. 
However, when failure occurs, it is often seen as a horizontal cleft at 
the tidemark, presumably because of the considerable change in the 
rigidity of the cartilage at this junction. 


Figure 5.15 Photomicrograph of the deep and calcified layers of 
the articular cartilage. The deep layer is separated from the 
calcified layer by a basophilic line referred to as the 
a€cetidemark,a€* which represents the mineralizing front (H&E 
stain, A—4 objective). 


Figure 5.16 A. Photomicrograph demonstrating accelerated 
mineralization with a replicated tidemark. The mineralization 
front is almost certainly under cellular control; here, a 
chondrocyte is seen caught up in the tidemark (H&E stain, A—25 
objective). B. In most areas of normal cartilage, only one 
tidemark is observed. However, in an early stage of 
osteoarthritis, seen here, multiple tidemarks indicating rapid 
advance of the mineralization front can often be seen (H&E stain, 
A—10 objective). 


At its base, adult articular cartilage is bordered by the subchondral 
bone plate, and the calcified cartilage tissue is keyed into the 
irregular surface of the underlying bone, somewhat like a jigsaw 
puzzle. Because the cartilage adjacent to the bone is calcified and 
has a rigidity similar to that of bone, the keying is rigid (Figure 
5.17). 


Figure 5.17 In this photomicrograph, taken with polarized light, 
the irregularity of the interface between the subchondral bone 
and the overlying calcified cartilage is obvious. The functional 
keying of the bone and cartilage depends on the two tissues 
having equal rigidity (A—4 objective). 


The insertions of ligaments and tendons are also calcified, and their 
insertions into the bone are effected by a similar keying. Because the 
insertions of ligament and tendons into the bone are generally 
studied in dry bone specimens, the bone markings we see are in fact 
the calcified portion of the ligament or tendon. Because the sites of 
such insertions are approximately the same from individual to 
individual, there is a tendency to think of them as static structures. 
However, since in the child growth is taking place continuously and in 
the adult bone turnover is continuously taking place (albeit slowly), it 
follows that the insertions of ligaments and tendons must participate 
in this dynamic process. (Our knowledge of anatomy is for the most 
part based upon the dissection of the dead; but, for morphology to 
be understood, time must be put into the equation. Life is 


characterized by continuous growth and change.) 


The chondrocytes embedded in the cartilage matrix are responsible 
for synthesis and maintenance of the extracellular matrix of the 
tissue. The chondrocytes vary in size, shape, and number per unit 
volume of tissue, both from the superficial to the deep layers and in 
different anatomic locations (22) (Figure 5.18). Generally, cells at 
the cartilage surface are flatter, smaller, and orientated parallel with 
the cartilage surface. They also have a greater density than the cells 
deeper in the matrix (23). In the middle zones, chondrocytes are 
more spherical and arranged in columns. This vertical arrangement of 
cells probably reflects some interaction with the highly organized 
arrangement of collagen fibers in cartilage and suggests the 
possibility of movement of chondrocytes within the matrix substance 
as the collagen fibers are being laid down. (An analogy would be the 
precise organization of a spider's web that necessitates the 
movement of the spider.) 


An interesting ultrastructural feature of chondrocytes is a nonmotile 
monocilium, which may have a mechanotransductory 
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function in regulation of matrix synthesis (24). This monocilium has 
been more frequently observed in young cartilage and reactive or 
reparative cartilage (25). 


Figure 5.18 A. Electron micrographs to illustrate the typical 
appearance of chondrocytes at the A. surface, B. mid-zone, and 
C. deep-zone of articular cartilage. At the surface the cells 
typically show more cell processes on the inferior surface. The 
Golgi and endoplasmic reticulum are less well developed than in 
the mid-zone. In the deep zone, the cells are degenerate, with 
disaggregated chromatin in the nucleus and vacuolization and 
fragmentation of the cytoplasm (all approximately A—10,000). 


Chondrocytes are encased in a specialized layer of matrix distinctly 
different from the bulk of extracellular matrix. This layer is rich in 
proteoglycans, has some hyaluronic acid, and contains relatively little 
collagen. Around this paucicollagenous layer is a basketlike structure 
composed of cross-linked fibrillar collagen encapsulating the cell or 
sometimes groups of cells, and this provides a protective framework. 
Collagen type VI is found in this region. 


In chondrocytes, mitochondria are sparsea€”probably as a result of 
their comparatively low rates of oxygen consumption. Cells in the 
deeper uncalcified zone have the most prominent endoplasmic 
reticulum and Golgi apparatus, indicating active protein synthesis as 
well as sulfation of proteoglycan carbohydrate side chains. The cell 
membrane shows numerous short, as well as some longer, branched 
cytoplasmic processes, but they make no connection with the 
processes of other chondrocytes. In the extracellular matrix adjacent 
to the chondrocytes that lie above the tidemark, as in the 
hypertrophic zone of the growth plate, small 
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membrane-bound vesicles are visible. These may play a role in the 
calcification of cartilage matrix (26). 


Figure 5.19 Photomicrograph of ear cartilage. Although the cells 
resemble those seen in hyalin cartilage, the matrix contains 
many elastic fibers that appear red in this section (phloxine and 
tartrazine stain, A—25 objective). 


In addition to hyalin cartilage, of which articular cartilage is 
composed, two other forms of cartilage can be histologically 
recognized. Fibrocartilage is a tissue in which the matrix contains PG 
aggregates and a high proportion of type | collagen, the fibers of 
which are usually visible by transmitted light microscopy. 
Fibrocartilage may be found in the menisci of the knee, the annulus 
fibrosus, at the insertions of ligaments and tendons into the bone, 
and on the inner side of tendons as they angle around pulleys (e.g., 
at the malleoli). In all of these locations, the structures are 
subjected to compressive forces as well as tension. The second type 
of nonhyalin cartilage, elastic cartilage, contains a high proportion of 
elastin in the matrix and is found in the ligamentum flavum, external 
ear, and epiglottis (Figure 5.19). Compared to collagen, elastin has 
much greater elasticity; this is particularly important in the yellow 
ligaments, which make possible the flexion of the spinal canal. 


Both the fibrocartilage and elastic cartilage incorporate the term 
a€cecartilagea€* because the cells are rounded and lie in lacunae, 
which give them a superficial microscopic resemblance to the cells of 
hyalin cartilage. However, the mechanical functions of these tissues 
are very different from those of hyalin cartilage. Hyalin cartilage is 
mainly subjected to and resists compressive forces, whereas both 
fibrocartilage and elastic cartilage function principally as resisters of 
tension, with some element of compression. 


Cartilage Turnover and Articular 
Remodeling 


Wolff's law states that both bone density and bone architecture 


correlate with the magnitude and direction of applied load. At the 
articular end of a bone, this implies that the subchondral bone 
trabeculae must also undergo a self-regulated modeling that 
maintains a joint shape capable of optimal load distribution. In other 
words, the shape of bones, including their articular ends, reflects a 
dynamic state that incorporates a feedback dependent on mechanical 
stress. 


Endochondral ossification is an important mechanism for both growth 
and bone modeling. This is exemplified in the epiphyseal growth 
plate where calcified cartilage is invaded by blood vessels from the 
metaphyseal bone and is then replaced by bone tissue synthesized by 
osteoblasts lying close to the blood vessels. 


Studies of adult joints have shown that replacement of the calcified 
layer of articular cartilage by bone tissue involves a similar process. 
Blood vessels from the subarticular bone penetrate the calcified 
cartilage, and new bone is laid down alongside the channels created 
by this process; thus the calcified cartilage is slowly replaced by new 
Subarticular bone (Figure 5.20). 


Replacement of the calcified layer of cartilage by bone might be 
expected to result in thinning and eventual disappearance of the 
calcified cartilage. However, histologic study of articular cartilage 
from subjects of various ages shows that the calcified cartilage 
remains much the same thickness throughout life. This is because the 
calcification front (tidemark) continues to advance into the 
noncalcified cartilage at a slow rate, which is in equilibrium with the 
rate of absorption of the calcified cartilage from the subarticular 
bone (27). Since the thickness of the articular cartilage does not 
significantly change during life, it can be postulated that articular 
cartilage is not a static tissue, as it was long believed to be. The 
extracellular matrix and the chondrocytes are being replaced 
throughout life; and, through these mechanisms, the joint undergoes 
continuous modeling. It seems likely that programmed cell death 
(apoptosis) plays an important role in this process in a similar way to 


what Mitrovic (28) has demonstrated in joint formation during limb 
development (29). 


Figure 5.20 In this photomicrograph, two vessels can be seen 
that have extended into the calcified layer of cartilage. Around 
the circumference of each of these vessels, a thin layer of 
lamellar bone can be appreciated. By means of continuing 
endochondral ossification, the articular bone end is continuously 
modeled (H&E stain, A—10 objective). 
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Heterogeneity of articular cartilage, including morphological, 
biochemical, and biomechanical variations, can be observed within 
different regions of a normal weight-bearing joint. Considerable 
variation in cartilage thickness over an articular surface is present in 
most joints. A variation in stiffness in different areas of the femoral 
head has been related both to PG content and to the amount of water 
held by the tissue (30). The stiffness of the cartilage is the main 
factor that determines stress in the tissue and, together with the 
thickness of the cartilage, has the largest effect on the stress in the 


calcified cartilage and underlying cancellous bone (31). 


An example of the normal geographic variation in articular cartilage 
can be readily observed in the human tibial plateau, as well as in 
other animals, where there are distinct morphological differences 
between the articular cartilage that is covered by the meniscus and 
that which is not (32). These differences consist of a rough surface 
and soft matrix in the uncovered area as compared to the smooth, 
firm tissue that is covered by the meniscus. In adult human knee 
joints at autopsy, it has been found that articular cartilage that was 
not covered by meniscus (even as young as 17 years of age) always 
showed matrix softening and superficial fibrillation (33). The 
morphologic and biochemical findings in these two distinct articular 
areas as studied in the adult dog are summarized in Figure 5.21. 


Figure 5.21 Morphological and chemical differences seen in the 
tibial articular cartilage under the meniscus, as compared with 
that not covered by the meniscus. A. In the covered area, the 
surface is smooth, and on the surface there is an amorphous 


electron-dense layer; the chondrocytes are flattened. With 
respect to lipid, there is an increased intracellular accumulation 
in all three layers. Increased accumulation of extracellular lipid is 
noted at the surface, and there are increased numbers of 
extracellular matrix vesicles in the deep zone. In electron 
microscopy sections, collagen appears as randomly oriented 
fibers of varying diameter but with thicker mean diameter than 
seen in B; there is regular binding of proteoglycan to the 
collagen fibrils; and the concentration of proteoglycans per wet 
weight is increased. The tidemark is irregular. B. In the 
uncovered area, the surface is irregular, there is a detached 
electron-dense layer, and the chondrocytes are rounded. The 
concentration of water per unit volume is increased. Collagen 
appears in wavy aggregated bundles with thinner mean 
diameters that vary but little from each other, and binding of 
proteoglycan to the collagen fibrils is ill defined. Proteoglycan 
can be extracted more easily from the cartilage matrix. The 
tidemark is smooth. In both the covered and the uncovered 
areas, the cell size is the same histologically, and there is the 
Same amount of DNA per dry weight of cartilage tissue. (Modified 
from: 
Bullough PG, Yawitz PS, Tafra L, Boskey AL. Topographical 
variations in the morphology and biochemistry of adult canine 
tibial plateau articular cartilage.) Orthop Res 1985;3:1a€“16 
with permission.) 


It has been postulated that these naturally occurring variations in 
matrix structure and mechanical properties are related to joint 
loading. In the normally functioning knee, load is transmitted 
through the meniscus and onto the tibial cartilage underlying the 
meniscus, whereas the exposed cartilage, that which is not covered 
by the meniscus, remains relatively unloaded. Similar areas of 
possible disuse atrophy have been described around the rim of the 


radial head, in 
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the roof of the acetabulum, and on the perifoveal and inferomedial 
aspects of the femoral head (34). 


The extracellular matrix of the cartilage and of the other connective 
tissues is synthesized by their intrinsic cells under the control of both 
local and systemic factors. Both in vivo and in vitro studies have 
demonstrated that changes in the immediate environment of the joint 
lead to alterations of the cartilage matrix (35). Thus, immobilization 
or unloading of a joint results in decreased synthesis of 
glycosaminoglycans. Conversely, exercise appears to increase 
synthesis (36). These experimentally induced variations are in 
agreement with naturally observed topographic variations in joints 
that have been ascribed to normally occurring patterns of joint 
loading. 


In general, it seems that low levels of mechanical stress (i.e., below 
the physiologic range) are associated with enhanced catabolic 
activity, whereas stress within the physiologic range is associated 
with more anabolic activity. Under conditions of supraphysiologic 
stress the chondrocytes are unable to adapt. In other words, there is 
a window of physiologic stress above or below which the 
chondrocytes cannot maintain an adequate functional matrix. 


Although a number of factors have been implicated in the 
transduction of mechanical stimuli to metabolic events, the exact 
mechanism still remains unclear. 


Histomorphogenesis of Articular Cartilage 


Recent studies suggest that the histomorphogenesis of articular 
cartilage is regulated during skeletal development by the intermittent 
forces and motions acting at the site of diarthrodial joints. A key 
feature in this development is the formation of the superficial, 
transitional, radial, and zones through the cartilage thickness. The 


histomorphological and mechanical characteristics of these zones 
have been correlated with the distribution of pressures, 
deformations, and pressure-induced fluid flow created in vivo (31). 
However, unlike muscle and bone, the thickness of articular cartilage 
does not appear to adapt to mechanical stimulation (38). 


Synovial Membrane 


The synovial membrane lines the inner surface of the joint capsule 
and all other intra-articular structures, with the exception of articular 
cartilage and the meniscus. In addition to lining the joints, synovial 
membrane lines (a) the subcutaneous and subtendinous sacs known 
as bursae, which permit freedom of movement over a limited range 
for the structures adjacent to the bursae, and (b) the sheaths that 
form around tendons wherever they pass under ligamentous bands or 
through osseofibrous tunnels. 


Synovial membrane consists of two components. The first of these is 
the cellular lining (or intimal layer) bounding the joint space. This 
surface is smooth, moist, and glistening, with a few small villi and 
fringelike folds. The second component is a subintimal, Supportive, or 
backing layer (39). 


Figure 5.22 Photomicrograph of normal synovium. The ratio of 


fat-to-fibrous tissue varies depending on the joint and the 
location within the joint (H&E, A= objective). 


Along the edge facing the synovial cavity, microscopic examination of 
synovial membrane reveals a single row or sometimes multiple rows 
of closely packed cells with large elliptical nuclei (Figure 5.22). 
Beneath the surface layer in the subintima, there is vascularized 
fibro-adipose tissue that contains some histiocytes, and mast cells. 


Electron microscopic studies reveal two principal types of synovial 
lining cells, designated by Barland as Types A and B. (Many cells 
have features of both types and have been called intermediate.) The 
less common cell (Type A) has many of the features of a 
macrophage, and there is good evidence that it is structurally 
adapted for phagocytic functions. The more common Type B cells are 
richly endowed with rough endoplasmic reticulum, contain Golgi 
systems, and often show pinocytotic vesicles. Normal synovial intima 
contains 25% Type A and 75% Type B cells (40). 


The synovial membrane has three principal functions: secretion of 
synovial fluid hyaluronate (Type B cells); phagocytosis of waste 
material derived from the various components of the joint (Type A 
cells); and regulation of the movement of solutes, electrolytes, and 
proteins from the capillaries into the synovial fluid, thus providing for 
the metabolic requirement of the joint chondrocytes and possibly also 
providing a regulatory mechanism for maintenance of the matrix 
through the role of various mediators. 


Ligaments and Tendons 


Ligaments, which are structures that join together two adjacent 
bones, are formed mainly of collagen. The arrangement of the 
collagen bundles within a particular ligament depend on the required 
movements within the joint; and, 
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because these movements are complex, the arrangement of the 
collagen bundles is similarly complex. 


The collagen fibers of the ligament are calcified where they enter the 
bone, and the calcified portion of the ligament interdigitates and 
locks onto the underlying bone in the same way as does the calcified 
cartilage (vide supra). Just adjacent to the calcified portion of the 
ligament, the extracellular matrix of the ligament will be found to 
contain some proteoglycan; and, in association with this finding, the 
cells will be found to be contained within lacunaelike chondrocytes 
(41). The reason for this is that generally tendons enter the bone at 
an acute angle; for this reason a shear force acts on the ligament at 
its insertion and the normal tension in the ligament is complicated by 
an added compressive force (Figure 5.23). 
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Figure 5.23 A. Photomicrograph of a ligamentous insertion using 
transmitted white light (H&E stain, A—10 objective). B. Polarized 
light. The portion of the ligament that interfaces with the bone is 
calcified, and the edge of the calcified portion of the ligament is 
marked by a basophilic line (tidemark) that represents the 
mineralization front. Note the similarity with the bone cartilage 
interface illustrated in Figure 5.17. C. A higher powered view to 
demonstrate the rounded cells lying in lacunae, which are seen at 
the insertion site of both ligaments and tendons 

(fibrocartilaginous metaplasia). The red staining in the matrix 
indicates the presence of proteoglycans (safranin O stain, A—25 
objective). 


Tendons are specialized connective tissue structures that enable 
muscles to concentrate or extend their action. The Achilles tendon is 
a good example of a tendon that concentrates the power of several 
bulky muscles to one limited area of insertion; the long tendons of 
the hands and feet exemplify the function of extending the effect of 
distant muscles. Many muscles have no obvious tendinous insertions; 
for example the paravertebral and the gluteal muscles have short fan 
Shaped fibrous insertions, which hardly justify their description as 
tendons. 


The majority of cells within normal tendons are relatively inactive 
fibrocytes scattered in a sparse longitudinal pattern between the 
collagen bundles (Figure 5.24). There is a slight gradient in the cell 
population, the proximal (muscular) portion of the tendon being more 
cellular than its distal 

P.112 
insertion. The surfaces of the flexor tendons of the hand which glide 
within a synovial sheath, are covered by a single layer of synovial 
cells (the endotenon) and a similar layer covers the parietal surface 
of the fibrous tendon sheath (the epitenon). In the palm of the hand 
the tendons are covered by a fine vascular adventitia (paratenon) 


nourished by vessels from the deep palmar arch (42). 


Figure 5.24 Photomicrograph of the same field of a tendon that 
has been photographed in transmitted light in A and in polarized 
light in B. Both images demonstrate the scant and elongated 
fibroblasts lying between the dense parallel collagen bundles 
characteristic of tendon (H&E stain, A—4 objective). 


The feeding arteries to the tendons of the hands and feet, both the 
vessels in the vinculae, and the vessels in the palmar or plantar 
paratenon are long, coiled vessels that can stretch as the tendons 
move. (The flexor tendons may glide some 6 cm between full flexion 
and full extension.) 


Human tendons are poorly innervated. Apart from the nerve fibers 
associated with blood vessels and the free nerve endings in the 
region of the vinculae, there are very few nerve endings in the 
tendon proper. 


Wherever a tendon turns a corner, or has to bend in association with 
neighboring joints, it is restrained under a pulley, or retinacular 
system, and is lubricated in this region by means of a synovial 
Sheath. Because of the compression that occurs in these locations, 
just as at the insertion of the tendon or ligament, there is some 


cartilaginous metaplasia with the accumulation within the tissue of 
PGs that resist the compressive component of the load. 


The Arthritic Joint 


Clinical arthritis is the consequence of a breakdown in the joint's 

normal function; that is to say, it involves loss of capacity for the 
articulating surfaces to move over one another easily, loss of joint 
stability, and almost always pain. 


The loss of freedom of motion may be the result of a change in joint 
shape that results in severe incongruities or, on the other hand, a 
change in the tissue matrices that affects their mechanical 
properties. Instability may result from alterations in ligamentous 
support and neuromuscular control. Pain may originate in the bone 
as a result of maldistribution of load; in the synovium as a result of 
reactive synovitis; or in the muscle as a consequence of reflex 
spasm. 


Malfunction of a joint results from acute or chronic morbid conditions 
that produce either: 


e Anatomic alterations in the shape of the articulating surfaces 
(e.g., a transarticular or subarticular fracture, increased 
modeling activity, Paget's disease, or acromegaly) (43). 


e Loss of structural integrity of the cartilage tissue or of the 
Support structures around the joint (e.g., by enzymatic 
destruction in inflammatory arthritis [septic or rheumatic 
arthritis] or, more commonly, traumatic injury). 


e Alterations in the mechanical properties of the tissue matrices 
making up the joint (e.g., brittle collagen as occurs in 
ochronosis). 


During the past century, several types of arthritis have been well 
delineated on the basis of their characteristic clinical presentations 


and their morbid anatomy. These include the infectious arthritides, 
both granulomatous (TB) and pyogenic (septic); the metabolic 
arthritides (e.g., gout, pseudogout, and ochronosis); and the arthritis 
that complicates many cases of aseptic subchondral bone necrosis 
(44). The various a€cerheumatic syndromesa€* have been classified 
according to their clinical and immunologic characteristics; 
histologically, these inflammatory arthritides show chronic synovitis 
and a destructive pattern involving the bone, cartilage, and 
periarticular structures. However, they are difficult to differentiate 
from each other solely by microscopic examination. 


Even when these various etiologies have been considered, there 
remain a large number of cases of arthritis affecting 
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especially certain small joints of the hands and feet and some larger 
joints, of which the hip and knee are most commonly involved. These 
cases, which run a chronic course, are essentially noninflammatory 
and usually occur in older individuals. The clinical presentation and 
morbid anatomy in these cases are similar enough for all of them to 
be classified under the general appellation of osteoarthritis or 
degenerative joint disease. In the majority of cases, the etiology is 
unclear; however, the important role of mechanical trauma is not in 
dispute. The onset of osteoarthritis in middle age can often be traced 
in sport-related injuries in adolescence and young adulthood. 
Repetitive impact loading, such as occurs in running on hard surfaces 
with poorly designed shoes, is recognized as contributing to knee 
arthritis. A study designed to understand the relationship between 
impactor energy and mass on injury modalities in the canine knee 
has shown that injuries were typically more frequent and more 
severe with the largest mass at each energy level. Histologic analysis 
of the patellae revealed cartilage injuries at low energy, with deep 
injuries in the underlying bone at higher energies (45). 


Alteration in Shape 


A change in joint shape is characteristic of most forms of arthritis. In 
the inflammatory arthritides tissue loss results from destruction. On 
the other hand, although bone and cartilage loss play an important 
part in the osteoarthritic process, it is the addition of new bone and 
cartilage in the form of osteophytes, particularly at the joint 
periphery and sometimes beneath the articular surface, that forms 
one of the characteristic features of the disease. 


We now recognize that a change in joint shapea€”either sudden, as 
with a fracture, or gradual, as in acromegaly or other metabolic 
disturbances such as Paget's diseasea€”may play an important role in 
the etiology of arthritis. In other words a change in the shape of the 
joint is an expected result of arthritis, but a change in shape may 
also be the cause of arthritis. 


Tissue Response to Injury 


Regardless of the etiology, joint injury is characterized by certain 
basic cellular and tissue responses. 


e There is usually macroscopic and microscopic evidence of both 
degeneration and of repair in the cells and in the extracellular 
matrix. (In the extracellular matrix, the changes may result from 
direct physical injury, from alteration in the cellular synthesis of 
the matrix, or from enzymatic breakdown of the matrix 
constituents. These changes are probably most apparent in the 
surface cartilage (46). 


In the vascularized tissues, injury is followed by an acute and 
then by a chronic inflammatory response. As a result, the 
necrotic injured tissue is removed and replaced by proliferative 
vascular tissue (granulation tissue). The inflammatory response 
results in a€cerepaira€* of injured tissue by fibrous scar. 
Independently of scarring, a second mode of repair involves 
regeneration of tissue similar to that which was injured 
Originally. In nonvascularized tissue, such as cartilage, an 


inflammatory response and subsequent scarring cannot occur, 
but this does not preclude tissue regeneration. Note that 
cartilage injury always eventually invokes an_ inflammatory 
response since some vascularized tissues (i.e., bone and/or 
synovium) are inevitably involved. 


Cartilage 


Macroscopic (naked eye) evidence of injury to cartilage is evident 
only in the extracellular matrix, mainly the collagenous component; 
one of the earliest findings is a disruption of the collagen fibers at 
the surface, which, instead of being smooth, becomes rough and/or 
eroded (47). The local stresses and strains in the collagen fibrils, 
which cause the damage, cannot be determined dependably without 
taking the local arcadelike collagen-fibril structure into account (21). 
Three patterns of macroscopic alteration involving the cartilage 
surface and, to a variable degree, the underlying cartilage tissue can 
be identified: fibrillation (generally age related), erosion (ulceration), 
and cracking (probably trauma related) (48). 


The term fibrillation is used to describe replacement of the normally 
smooth, shiny surface by a surface similar to cut velvet. This type of 
transformation can be observed both on very thick cartilage, such as 
the patella, and on very thin cartilage, such as that found in the 
interphalangeal joints. The a€oepilea€* of the fibrillated area may be 
short or shaggy. The junction between the fibrillated area and the 
adjacent normal appearing cartilage is morphologically usually well 
defined and generally distinct (Figure 5.25). A recent study has 
concluded that both microscopic magnetic resonance imaging and 
polarized light microscopy can detect quantitative changes in 
collagen fiber architecture in early osteoarthritis and also resolve 
topographical variation in cartilage microstructure of canine tibial 
plateau (49). 


In this regard, continuing collaborative studies of morphology, 


including imaging studies, biochemistry, and biomechanics, are 
urgently needed. 


For the morphologist, there appear to be two patterns of fibrillation. 
Well-defined areas of fibrillation affecting particular locations in 
certain joints are present in everyone from an early age (35). It is 
suggested by this author that these areas may be related to 
underloading of the cartilage. In osteoarthritic joints, there are areas 
of fibrillation that appear in different areas of the joint than those 
previously mentioned and that appear to be secondary to mechanical 
abrasion of the cartilage surface. The microscopic 
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characterization of these two distinct types of fibrillation is 
incomplete, but perhaps the latter is distinguished by deeper clefts 
and a greater tendency for the chondrocytes to form proliferating 
clones. 


Figure 5.25 A. Photograph to demonstrate superficial fibrillation 
of the cartilage on the femoral head in the perifoveal region. The 


fibrillated cartilage has been highlighted by India ink. B. Ina 
close up photograph, pin splits in the cartilage seem to follow the 
orientation of the collagen fibers in the fibrillated area. 


Cartilage ulceration, or solution of the surface, is characteristic of 
progressive degenerative changes in the joint. The base of the 
erosion appears initially to be either contoured or smooth. Tissue 
damage may eventually be so extensive as to completely denude the 
bone surface of its covering cartilage layer (eburnation). 


The last form of structural lesion in this group, which is distinctly 
less common than either fibrillation or ulceration, is deep cracking of 
the cartilage. These cracks extend vertically deep into the cartilage 
and microscopically often have a deep horizontal component. Perhaps 
these result from severe impact loading (Figure 5.26). 


In considering the pathogenesis of these three histologic types of 
cartilage matrix damage in the early stages of osteoarthritis, it is 
important to recognize that they may affect the opposed articular 
surfaces in different areas and to different degrees. This is in marked 
contrast to eburnation, in which both of the opposed surfaces are 
affected. It therefore appears that in many cases fibrillation and 
other cartilage alteration cannot be ascribed simply to abrasion. 


An increase in the ratio of water to PG in the cartilage matrix leads 
to softening of the cartilage (chondromalacia), and this may be 
evidence of insufficient loading of the joint. Chondromalacia and 
fibrillation usually occur together, but chondromalacia may be 
present before there is any obvious gross evidence of fibrillation. 


Injury at a cellular level is recognizable only microscopically. 
Necrosis can be identified when only the ghost outlines of the 
chondrocytes remain. This ghosting, usually scattered but focal in 
distribution, is a common finding in arthritis. Less often, all of the 
chondrocytes are seen to be necrotic (Figure 5.27). 


Just as the effect of injury to the articular cartilage is reflected by 
the histologic response of both matrix and cells, 
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so too is the subsequent reparative cartilage regeneration. Within the 
preexisting cartilage matrix, there is focal cell proliferation with 
clumps, or clones, of chondrocytes. When the tissue is stained with 
toluidine blue, there is often intense metachromasia of the matrix 
around these clumps of proliferating chondrocytes, evidence of 
increased PG synthesis. This process can be thought of as 
a€oeintrinsica€* repair (50) (Figure 5.28). 


Figure 5.26 Photomicrograph demonstrating deep cracking of 
the cartilage matrix. The lesion shown is characteristic of a 
blisterlike lesion, which is seen in many cases of chondromalacia 
patellae (H&E stain, A—4 objective). 


Figure 5.27 A. A photomicrograph to demonstrate focal 
chondrocyte necrosis. In cases of degenerative arthritis, focal 
areas of necrosis (Such as seen here) are common. Rarely, the 
necrosis is extensive. In inflammatory arthritis, chondrocyte 
necrosis is also common and often associated with an irregular 
lysis of the matrix around the necrotic cells, the so-called 
Weichselbaum's lacunae (H&E stain, A—10 objective). B. 
Photomicrograph to demonstrate focal calcification around 
necrotic chondrocytes in the deep zone of the cartilage (H&E 
stain, A—25 objective). 


In a damaged joint, cartilage repair may also be initiated from either 
or both of two possible sites, either the joint margin or the 
subchondral bone. Extrinsic repair of cartilage, which develops from 
the joint margin, can be seen as a cellular layer of cartilage 
extending over, and sometimes dissecting into, the existing cartilage. 
This extrinsically repaired cartilage is usually much more cellular 
than the preexisting articular cartilage, and the chondrocytes are 
evenly distributed throughout the matrix (Figure 5.29). 


Figure 5.28 A. Photomicrograph to demonstrate clones of 
regenerating chondrocytes. Note the basophilia around the 
clones, which correspond to increased proteoglycan synthesis by 
the cells (H&E stain, A—10 objective). B. When examined by 
polarized light, the proliferating clones are visibly displacing the 
existing collagen matrix. 


On microscopic examination this type of repair cartilage can easily be 
overlooked. However, examination under polarized light will clearly 
demonstrate the discontinuity between the collagen network of the 
repair cartilage and that of the preexisting cartilage (Figure 5.30), as 
well as the denser thicker collagen fibers of the repair cartilage. 


In arthritic joints in which loss of the articular cartilage has denuded 
the underlying bone, especially in cases of osteoarthritis, there are 
frequently small pits in the bone surface from which protrude small 
nodules of firm white 
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tissue. On microscopic examination, these nodules have the 
appearance of fibrocartilage arising in the marrow spaces of the 
subchondral bone. They may extend over the previously denuded 
surface to form a more or less continuous layer of repair tissue. Most 


specimens obtained from cases of osteoarthritis reveal both intrinsic 
and extrinsic repair of cartilage (51). 
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Figure 5.29 A. A section through the articular surface of an 
arthritic joint demonstrates extrinsic reparative fibrocartilage, 
which extends to the tidemark of the original articular hyaline 
cartilage (H&E stain, A—10 objective). B. The same field 
photographed with polarized light shows the discontinuity of the 
collagen between the calcified zone and the reparative cartilage. 


Figure 5.30 A. Photomicrograph showing reparative cartilage 
extending over preexisting damaged cartilage (H&E stain, A—4 
objective). B. Same field photographed with polarized light. 


Bone 


Arthritis is a disease that affects not only the articular cartilage, but 
also the underlying bone and the structures around the joint. 


As the articular cartilage is eroded from the surface, the underlying 
bone is subjected to increasingly localized overloading. In 
Subarticular bone that has been denuded, there is proliferation of 
osteoblasts and formation of new bone, which occurs both on the 
surfaces of existing intact trabeculae and around microfractures (52) 
(Figure 5.31). In x-rays of arthritic joints, this new bone appears as 


increased density or sclerosis. 


A further result of increased local stress is that the bone at the 
articulating surface is likely to undergo focal pressure necrosis 
(Figure 5.32). (This superficial necrosis is different both in its 
etiology and pathogenesis from that associated with a€oeprimarya€s 
subchondral infarction, which itself leads to secondary osteoarthritis. 
However, in clinical practice, differentiation between the two may be 
difficult, especially in the late stages of primary subchondral 
infarction.) (53) 


Subarticular cysts are usually seen only where the overlying cartilage 
is absent. Such cysts are common in cases of osteoarthritis and are 
believed to result from transmission of intra-articular pressure 
through defects in the articulating bony surface into the marrow 
spaces of the subchondral bone (54). The cysts increase in size until 
the pressure within them is equal to the intra-articular pressure. 


Figure 5.31 Photomicrograph of the edge of an eburnated area 
of bone in a case of osteoarthritis. There is a very prominent 
layer of osteoblasts covering the sclerotic bone that underlies the 
area denuded of cartilage (H&E stain, A—4 objective). 


Figure 5.32 A section through an osteoarthritic femoral head 
shows a large wedge shaped area of necrosis of the superior 
portion of the head. 


Cysts may also occur because of focal tissue necrosis (55). (In cases 
of arthritis due to rheumatoid disease or gout, periarticular radiologic 
a€cecystsa€* may be associated with erosion of the marginal 
subchondral bone by the diseased synovium.) 


Separated fragments of bone and cartilage from a damaged joint 
surface may become incorporated into the synovial membrane and 
digested, or they may remain free as loose bodies in the joint cavity. 
Under certain circumstances, proliferation of cartilage cells occurs on 
the surface of these loose bodies and consequently they grow larger 
(Figure 5.33). As they grow, their centers become necrotic and 
calcified. In histologic sections it is possible to visualize periodic 
extension of this central calcification in the form of concentric rings, 
which increase in number as the loose body grows larger. Sometimes 
the loose bodies reattach to the synovial membrane at a later stage, 
in which case they are invaded by blood vessels. Endochondral 
ossification then occurs, and the loose bodies again develop a viable 


bony core. 


There is some degree of loose body formation in many cases of 
arthritis, but they are especially prominent in Charcot's joints and in 
other types of rapidly destructive osteoarthritis. Occasionally, in 
cases of osteoarthritis, the loose bodies are so numerous that they 
must be distinguished from those that occur in primary synovial 
chondromatosis (56). 


Ligaments 


Microscopic evidence both of lacerations and of repair by scar tissue 
is common in the ligamentous and capsular tissue around an arthritic 
joint. These changes are readily recognized by the use of polarized 
microscopy, where the 
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alterations in the organization of the collagen are made very clear 
(Figure 5.34). Whether these lacerations preceded the arthritic 
process or whether they are a consequence of it cannot usually be 
determined by microscopic examination. 


A 


Figure 5.33 A. Gross photograph of multiple loose bodies in a 
case of osteoarthritis of the hip joint. B. Low-power photograph 
of a cross section of a loose body showing concentric growth 
rings (H&E stain, A—1 objective). C. Photomicrograph showing 
crowded proliferating chondrocytes and a growth ring (H&E stain, 
A—4 objective). D. Photomicrograph to show benign proliferating 
chondrocytes (H&E stain, A—25 objective). 


Synovial Membrane 


Injury and breakdown of cartilage and bone result in increased 
amounts of breakdown product and particulate debris within the joint 
cavity. This is removed from the synovial fluid by phagocytic cells 
(the Type A cells) of the synovial membrane. In consequence, the 
membrane becomes both hypertrophic and hyperplastic, and the 


breakdown products of the cartilage and bone matrix frequently 
evoke an inflammatory response (Figure 5.35). 


For this reason, some degree of chronic inflammation can be 
expected in the synovial membrane of arthritic joints, even when the 
injury has been purely a mechanical one. Inflammation is especially 
prominent where there has been rapid breakdown of the articular 
components as evidenced by the presence in the synovium of bone 
and cartilage detritus. 


Histologic studies have shown that there may be a similarity between 
the degree of inflammatory response as seen in some cases of severe 
osteoarthritis and that of rheumatoid arthritis (57). However, in 
osteoarthritis the synovial inflammation is likely to be the result of 
cartilage breakdown, whereas in rheumatoid arthritis the synovial 
inflammation is the cause of cartilage breakdown. 


Extension of the hyperplastic synovium onto the articular surface of 
the joint (i.e., a pannus) is a common finding even in osteoarthritis, 
particularly in the hip (Figure 5.36). However, the extent and the 
aggressiveness of this pannus with respect to underlying cartilage 
destruction is much less marked in osteoarthritis than in rheumatoid 
arthritis. 


Since, under normal conditions, the synovial membrane is 
responsible for the nutrition of articular cartilage, it might be 
expected that the chronically inflamed and scarred synovial 
membrane of an arthritic joint would function less effectively than 
that of a normal joint. Disturbance in synovial nutrient function, as 
well as increased enzymatic 
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activity, may very well contribute to the chronicity of the arthritic 
process. 


Figure 5.34 A. A magnetic resonance image of a knee shows 
rupture of the patellar ligament. B. Photomicrograph to 
demonstrate an area in a ligament where a laceration has 
occurred. The well-oriented collagen of the lacerated ligament is 
clearly demarcated from the resultant defect, which can be seen 
to have been filled with a vascularized cellular fibrous scar tissue 
(H&E stain, A—10 objective). C. Same field photographed with 
polarized light. 


The hypertrophied and hyperplastic synovium associated with 
arthritis is also likely to be traumatized as it extends into the joint 
cavity. Evidence of bleeding into the joint, with subsequent 
hemosiderin staining of the synovial membrane, is a common 
histologic finding and may occasionally be marked. When this is the 
case, and despite their similar color, the orange-brown staining of 


the fine villous synovium seen at operation should not be confused 
with the swollen papillary synovium of pigmented villonodular 
synovitis. 


Figure 5.35 Photomicrograph of the synovium removed from the 
joint of a patient with a moderate degree of osteoarthritis 
reveals not only a hypertrophy of the synovial lining cells, but 
also hyperplasia that has resulted in a piling up of the 
synoviocytes. In the subsynovial tissue, there is increased 
vascularity and a mild chronic inflammatory infiltrate (H&E stain, 
A—25 objective). 


Figure 5.36 Photomicrograph of a portion of the articular 
surface of a femoral head in a case of osteoarthritis. A fibrous 
pannus extends over the articular surface (H&E stain, A—10 
objective). 
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Synovial Fluid 


Examination of synovial fluid is extremely helpful in the diagnosis of 
arthritis, both for determining the cause and the stage of the 
disease. Whatever the cause of arthritis, the synovial fluid is altered. 


Normal synovial fluid, a dialysate of plasma to which hyaluronic acid 
produced by the Type B cells of the synovial lining is added, is 
viscous, pale yellow, and clear. Even in large joints the volume is 
small. 


In cases of inflammatory arthritis, there is an increased volume of 
synovial fluid with a high count of inflammatory cells. The amount of 
hyaluronic acid is markedly diminished, leading to a typical decrease 
in viscosity. On the other hand, in degenerate forms of arthritis the 
amount of hyaluronic acid is increased, resulting in an extremely 
viscous fluid. There is also an increase in volume, although not to the 


Same degree as that which is seen in the inflammatory arthritides. 
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Discovery of the Myofibroblast 


The myofibroblast was discovered in 1971 in electron micrographs 
from contracting (healing) experimental granulation tissue (1). Soon 
thereafter, its biochemical, pharmacologic, and immunohistochemical 
features were delineated (2,3,4,5). Since these early days, the list of 
pathologic conditions in which this cell has been identified has grown 
considerably (6,7,8). Looking back, it is Somewhat surprising that 
such a pivotal element of diverse fundamental processes had not 
been defined earlier (9). 


The road to discovery stems from interest in the process of wound 
healing as traced from the time of fossils to the ancient world (10). 
Indeed, the fate of civilizations rested on the ability of people to 
recover from wounds inflicted through battle or disease. Nearly a 
century ago, Carrel and Hartmann hypothesized that contractile 
forces were present in granulating wounds (11). For years it was 
believed, even taught, that collagen was the element essential for 


wound contraction. Dogma changed (slowly) with two reports in the 
mid-1950s. In one, experiments established that wound contraction 
was normal in guinea pigs rendered scorbutic (12). In the other, 
fibroblasts, under appropriate conditions, could be induced to 
contract in vitro (13). These findings cast doubt on the contractility 
of collagen and suggested that cells were central to tissue 
contraction. 


In 1969, Majno and colleagues performed seminal experiments that 
established that histamine caused postcapillary venular 
interendothelial gaps that brought about vascular leakage (14). In 
electron micrographs, such endothelial cells were shrunken, 
distorted, and with notched nuclei. On this basis, they reasoned that 
gap formation might be produced by active endothelial contraction 
(14). This suggestion, made before the establishment of the concept 
that nonmuscle cells contain contractile proteins, was not easily 
accepted; in turn, it stimulated work based on the possibility that 
endothelial and other mesenchymal cells could exert contractile 
activities. 


A few years later, the ultrastructural observation was made that the 
cytoplasm of granulation tissue fibroblasts was loaded with bundles 
and aggregates of microfilaments (1), a feature typical of smooth 
muscle cells. On this basis, the possibility that these modified 
fibroblastic cells were responsible for granulation tissue contraction 
was relatively 
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easy to suggest (1); however, acceptance took some time (15). 
Further experiments, employing pharmacologic agents known to 
effect cellular contraction/relaxation, established that granulating 
wounds indeed contained contractile cells, and the term 
myofibroblast was proposed (2). Subsequently, myofibroblasts were 
found to be capable of being decorated by human smooth muscle 
antibodies (4); these were then shown to be specifically directed 
against actin (5). Shortly thereafter, myofibroblasts were identified 
within nodules of Dupuytren's disease (16) and in human granulation 


tissue (17) and shown to transmit their contractile forces from cell to 
cell through intermediate (adherens) junctions and from cell to 
stroma by means of microtendons, the whole being synchronized by 
intercellular gap junctions (18). The microtendon, an apparatus 
connecting myofibroblasts to the surrounding extracellular matrix, 
was named fibronexus (19). 


In the late 1970s, Tremblay (20) described the presence of 
myofibroblasts in the stroma of invasive mammary carcinomas. The 
neoplasms in which these myofibroblasts had been noted were firm 
and retracted, unassociated with an inflammatory infiltrate. Because 
myofibroblasts are normally not present in mammary stroma, it was 
Suggested that they contributed to the retraction phenomena and 
desmoplasia, which characterized these neoplasms (20). It was then 
reasoned that such contractile cells might be contained in diverse 
carcinomas characterized by retraction and desmoplasia. Accordingly, 
a series of invasive and metastatic carcinomas was examined 
ultrastructurally. Myofibroblasts were present in the stroma of each 
tumor and were particularly numerous in those that were hard, 
sclerotic, and retracted (21). Within several years, the spatial 
distribution of such cells within invasive and metastatic carcinomas 
was described (22,23), and it was proposed that similarities between 
the process of wound healing and the stromal response to neoplastic 
invasion might exist (22). 


In the following years detailed studies of intermediate filament 
proteins and actin isoforms of myofibroblasts in various settings and 
conditions were performed; this led to the finding that myofibroblasts 
from diverse pathologic settings were heterogeneous in their content 
of intermediate filaments and actin isoforms (24,25). The presence of 
Î+-smooth muscle actin, the actin isoform characteristic of vascular 
Smooth muscle cells, was suggested as the marker of the 
myofibroblastic phenotype (25). In these works, it was shown that 
there is a correlation between the phenotypic modulation of 
myofibroblasts and the clinical behavior of lesions containing these 
cells. In particular, it was shown that myofibroblasts in granulation 


tissue of normally healing wounds express /+-smooth muscle actin 
only temporarily (25), whereas myofibroblasts with a smooth muscle 
phenotype persist in hypertrophic scars, fibrocontractive diseases, 
quasi-neoplastic proliferative conditions, and within the stroma of 
certain neoplasms (24,26). 


More recently, it was shown that transforming growth factor {21 
(TGF-i21) is the most important stimulator of myofibroblastic 
differentiation (27,28), as well as of collagen production by this cell 
(29). For TGF-i21 to be active, the ED-A splice variant of cellular 
fibronectin must be present in the extracellular matrix (30). This 
provided the first hint of the mechanisms controlling the modulation 
of the myofibroblastic phenotype. It was also shown that 
myofibroblasts undergo apoptosis during the transition between 
granulation tissue and scar tissue (31). The possibility that 
myofibroblasts could arise from such specialized mesenchymal cells 
as hepatic perisinusoidal stellate cells (32), mesangial (33) and renal 
tubular cells (34), and mesothelial cells (35) was demonstrated. 
Quite unexpectedly, the hematogenous origin of myofibroblasts in 
several human and experimental pathologic settings was recently 
established (36,37). 


In 2005, some 34 years after the initial discovery and four decades 
after the quest began, the myofibroblast is recognized as a central 
element in normal and abnormal wound healing, in diverse reactive 
proliferative conditions, and within the stroma of certain invasive and 
metastatic neoplasms. 


The sections that follow more fully characterize the myofibroblast, 
describe the settings in which it is found, and relate recent studies 
that provide further insight into the biology of this unique cell. 


Characterization of the Myofibroblast 


Ultrastructural 


As initially described in granulation tissue and nodules of Dupuytren's 
disease (1,16), myofibroblasts share morphologic features in 
common with fibroblasts and smooth muscle cells. 


Fibroblasts of adult animals and humans display a slender fusiform 
and smooth, contoured nucleus, a well-developed Golgi area, 
numerous and often dilated cisternae of rough endoplasmic 
reticulum, scattered mitochondria, and small numbers of 
microfilaments, the latter sometimes arranged in discrete bundles 
beneath the plasma membrane. Cell contours are generally smooth 
or display a few short cytoplasmic extensions. Plasmalemmal 
attachment plaques, dense patches or dense bands (38,39), basal 
lamina, pinocytotic vesicles, intercellular junctions, and _ cell-to- 
stroma attachment sites are absent. 


Smooth muscle cells are enveloped by a continuous basal lamina. 
Their plasma membrane is studded with plasmalemmal attachment 
plaques or so-called membrane-associated dense bodies, dense 
plaques, dense patches or dense bands (39), and numerous 
pinocytotic vesicles. Intercellular gap junctions and adherens 
junctions are present (40). 
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The cytoplasm is laden with bundles of microfilaments, usually 
disposed parallel to the long axis of the cell, among which numerous 
dense bodies are interspersed. The material of the dense bodies 
appears similar to the one forming the dense bands, which are 
attached to the cell membrane in certain vascular smooth muscle 
cells. Some dense bodies are in continuity with dense bands. Dense 
bodies and dense bands probably correspond to Z-lines of striated 
muscle fibers. In both structures, Î=-actinin has been demonstrated 
by immunohistochemical techniques (41,42). Force transmission from 
the contractile apparatus to the cell membrane in smooth muscle 
cells occurs via the insertion of bundles of actin filaments into the 
dense bands (38). Transmission of the contractile force occurs also 
across cell membranes of smooth muscle cells and from cell 
membranes to the stroma. Although it seems clear that the traction 


generated by the myofilaments is transmitted to the dense bands, 
the exact mechanism of the transmission of the traction across the 
cell membrane is not fully understood. The fibronectin receptor as a 
transmembrane receptor glycoprotein complex (43,44,45,46) has 
extracellular binding sites for fibronectin (47), Suggesting specific 
interactions between cytoplasmic actin filaments and extracellular 
fibronectin fibers across the plasma membrane at cell-to-matrix 
attachment sites. A close association between bundles of cytoplasmic 
actin filaments (stress fibers) and bundles of extracellular fibronectin 
fibrils has been observed in transformed fibroblasts and in 
myofibroblasts of granulation tissue in vivo; this structure, 
designated fibronexus, is specialized for enhanced cell-to-matrix 
connections (48,49). Contractile forces from cell to cell are 
transmitted through adherens or intermediate junctions, which are 
symmetrical structures formed by two complementary dense bands 
that match each other in adjacent smooth muscle cells (38). Their 
nuclei are elongated with blunt ends and are deformed by shallow 
invaginations. In contrast to fibroblasts, the Golgi area and the rough 
endoplasmic reticulum are poorly developed. 


Myofibroblasts (Figure 6.1 Ada€“E) disclose irregular, often stellate, 
cellular outlines with numerous and long cytoplasmic extensions and 
are connected by intermediate or adherens junctions (Figure 6.1D) 
(50) and by gap junctions (Figure 6.1E), the latter considered as low- 
resistance pathways for intercellular communications (18). In 
addition, myofibroblasts are partly enveloped by a basal lamina and 
display plasmalemmal attachment plaques, dense patches or dense 
bands, and pinocytotic vesicles (Figure 6.1C). They are also 
connected by microtendons to the extracellular matrix by cell-to- 
stroma attachment sites through the fibronexus, a transmembrane 
complex of intracellular microfilament bundles in apparent continuity 
with extracellular fibronectin fibers (Figure 6.1B) (19,49). At the 
surface of myofibroblasts, three types of fibronexus are observed: 
(a) plaquelike; (b) tracklike; and (c) tandem associations (49). These 
cell-to-stroma attachment sites are well-developed and numerous in 


myofibroblasts compared with their attenuated appearance in smooth 
muscle cells. Myofibroblasts contain numerous bundles of cytoplasmic 
microfilaments (stress fibers), usually arranged parallel to the long 
axis of the cell and among which are interspersed numerous dense 
bodies (Figure 6.1A). As in vascular smooth muscle cells, these 
structures may be in continuity with dense bands or plasmalemmal 
attachment plaques. Rough endoplasmic reticulum and Golgi area are 
well developed. The nucleus displays deep indentations (Figure 
6.1A), an ultrastructural feature that has been correlated with 
cellular contraction in several systems (51,52,53,54). Several nuclear 
bodies are usually present, and nucleoli are conspicuous. 
Myofibroblasts generally are surrounded by substantial amounts of 
extracellular matrix. 


A precise definition of the myofibroblast is an issue of major 
importance for the surgical pathologist. In our opinion, a 
myofibroblast can only be defined by ultrastructure, since 
immunohistochemical studies reveal that myofibroblasts have a 
heterogeneous and complex pattern of protein expression. The three 
essential ultrastructural elements that define a myofibroblast are: (a) 
stress fibers (i.e., bundles of micro- (myo-) filaments with 
interspersed dense bodies running parallel to the long axis of the 
cell, commonly located beneath the cell membrane); (b) well- 
developed cell-to-stroma attachment sites (fibronexus); and (c) 
intercellular intermediate and gap junctions (55,56). This definition 
has now been accepted by several major textbooks (57,58,59) in 
regard to the issue of myofibroblasts in tumor pathology. We do not 
deny that the light and immunohistochemical microscopic differences 
between smooth muscle cells and myofibroblasts may be subtle, 
especially when considering degrees of differentiation of smooth 
muscle and myofibroblastic proliferations. Nonetheless, the 
myofibroblast is defined as a highly differentiated cell by 
ultrastructure alone. 


Histologic 


Although morphologically defined with the electron microscope, 
myofibroblasts disclose several typical histologic traits that permit 
their presumptive recognition in routine paraffin or (even better) in 
plastic sections in settings in which they previously were identified 
by ultrastructure. The cells are usually large, spindle-shaped, and 
often stellate (spiderlike) with several long cytoplasmic extensions, 
and they possess distinct acidophilic to amphophilic and fibrillar 
cytoplasm with cablelike condensations (stress fibers) running 
through the subplasmalemmal cytoplasm parallel to the long axis. 
The nuclei often are indented or reveal strangulations of nuclear 
segments, a feature thought to reflect cellular contraction, and 
contain finely granular, regularly dispersed chromatin and 
conspicuous nucleoli (Figure 6.2). Well-differentiated myofibroblasts 
with the previously mentioned traits are observed in poorly- 
collagenized and edematous areas of various settings in which they 
were 
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originally described; for example, in granulation tissue, in zones of 
early invasive carcinomas, in invasive and metastatic carcinomas 
characterized by retraction and desmoplasia, and in several other 
proliferative conditions. In heavily collagenized zones, myofibroblasts 
are difficult to recognize with the light microscope since they 
correspond ultrastructurally to poorly-developed myofibroblasts or 
fibroblasts. 


Figure 6.1 Ultrastructural characterization of the myofibroblast. 
A. Typical myofibroblast with irregular shape and cytoplasmic 
extensions, well-developed rough endoplasmic reticulum, and 
bundle of cytoplasmic microfilaments (arrow) with numerous 
dense bodies running through the cytoplasm (stress fibers) 
giving rise to a€oestrangulationa€* of a nuclear segment. 
(Source: 

SchAYarch W, Seemayer T, LagacA© R, Gabbiani G. The 
intermediate filament cytoskeleton of myofibroblasts. Virchows 
Arch A. 1984; 403:323a€“336. 

) B. Microtendons in apparent continuity with bundles of 


cytoplasmic microfilaments (cell-to-stroma attachment sites; i.e., 
fibronexus). C. Cytoplasm of myofibroblast demonstrating basal 
lamina (arrows), pinocytotic vesicles (arrowheads), and 
plasmalemmal attachment plaques. D. Intermediate or adherens 
junction between two cytoplasmic extensions of myofibroblasts. 
E. Gap junction (arrow), followed by intermediate junction (open 
arrow) joining two myofibroblasts. (Source: 

SchAM%rch W, Skalli O, Gabbiani G. Cellular biology of 
Dupuytren's disease. In McFarlane RM, McGrouther DA, Flint MH, 
eds. Biology and Treatment. Edinburgh: Churchill Livingstone: 
1990:31a€“47. 

) (Uranyl acetate and lead citrate; A, A—9900; B, A—25,000; C, 
A—18,200; D, A—39,000; E, A—78,000.) 


It is possible that in the near future myofibroblasts might be clearly 
recognized and defined by immunohistochemical examination of the 
complex stress fibera€“associated cell-to-matrix junctions, using 
multiple labeling techniques and employing confocal laser microscopy 
on paraffin sections (for illustrations see Figure 6.3 and 6.4). 


Immunohistochemical 


For a better understanding and appreciation of the various 
cytoskeletal phenotypes of myofibroblasts, a detailed description of 
cytoskeletal proteins of muscular tissues, particularly smooth muscle 
cells, is presented. 


Specific cytoskeletal proteins have been defined during the 
differentiation of muscular tissues (60,61,62,63). These proteins 
have served as reliable markers of cellular adaptation to physiologic 
and pathologic conditions (64). 


Desmin is a muscle differentiation marker that appears early in 
embryogenesis (65,66). This intermediate filament, however, does 
not permit one to distinguish between different muscle types (67). 


Moreover, desmin is present in 
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stromal cells of several organs, which traditionally were considered 
fibroblastic in nature (68). When smooth muscle cells are cultured, 
desmin disappears (69). Smooth muscle myosin is a precise marker 
of smooth muscle differentiation. This contractile protein, however, 
disappears rapidly from smooth muscle cells in several conditions in 
vivo and also early in culture (69,70). These findings suggest that 
Smooth muscle myosin is a more reliable marker of smooth muscle 
differentiation than smooth muscle origin. Vascular smooth muscle 
cells are heterogeneous with respect to intermediate filament 
proteins. Most contain vimentin as their sole detectable intermediate 
filament; a lesser proportion also expresses desmin 
(71,72,73,74,75). Parenchymal smooth muscle cells of the 
respiratory, gastrointestinal, and genitourinary tracts represent a 
homogeneous population in which desmin is almost the exclusive 
intermediate filament protein (76,77,78). 


Figure 6.2 Histological aspect of myofibroblasts from the 
exudativo-productive layer of human granulation tissue, 
approximately 15 days old. Myofibroblasts disclose stellate, 


Spiderlike shapes with long cytoplasmic extensions and distinct 
fibrillar cytoplasm with cablelike (arrows) subplasmalemmal 
condensations (stress fibers) (hematoxylin-phloxine-saffron). 


Figure 6.3 Stress fibera€“associated cell-to-matrix and cell-to- 
cell junctions in cultured myofibroblasts. Rat lung myofibroblasts 
were cultured on planar glass substrates and immunostained for 
1+-smooth muscle actin (red) as a component of contractile 
stress fibers, paxillin (green) as a component of cell-matrix focal 
adhesions, and j2-catenin (blue) as a marker for cell-cell 
adherens junctions. Myofibroblasts form large, 
a€cesupermaturea€* focal adhesions with the extracellular 
matrix and adherens junctions with adjacent cells; both 
structures are located at the terminal portion of Î+-smooth 
muscle actina€“positive stress fibers. (Bar, 20 Aum.) 


Figure 6.4 Fibronexus organization in myofibroblasts placed in 
three-dimensional collagen gels. Rat lung myofibroblasts were 
cultured in restrained collagen gels and immunostained for Î=- 
smooth muscle actin (red) in stress fibers, vinculin (green) in 
cell-matrix adhesions, and ED-A fibronectin (blue) in the 
extracellular matrix. The image has been reconstructed from the 
overlay of 10 optical sections of 0.2 Aum acquired with a laser 
scanning confocal microscope; yellow color indicates 
colocalization of {+-smooth muscle actin and vinculin; white 
shows colocalization of both proteins with ED-A fibronectin. Note 
that extracellular fibronectin fibrils are co-orientated with 
intracellular stress fibers; they also penetrate in the surrounding 
extracellular matrix in the continuation of stress fibers. This 
organization corresponds to the fibronexus originally described 
by means of electron microscopy. (Bar, 20 Aum.) 


With regard to actin expression, at least six isoforms are defined in 
mammals (79,80,81): two nonmuscle actins (i2 and /2), two smooth 


muscle actins (I+ and i?) and two sarcomeric actins ({+-cardiac and 
[+-skeletal). The emergence of distinct muscle and cytoplasmic actin 
isoforms is phylogenetically ancestral, dating before chordates 
(82,83). The nonmuscle actins, the so-called cytoplasmic actins, are 
considered the archetypes (80) because of their presence in all 
nonmuscle cells, including eukaryotic unicellular organisms. 
According to amino acid patterns, {+-skeletal actin represents the 
most 
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differentiated isoform (80). At the protein level, Î+-skeletal actin is 
most closely related to Î=+-cardiac actin, whereas Î+-smooth-muscle 
actin is more closely related to the cytoplasmic actins. Some years 
ago it was suggested that both Î+-cardiac and Î+-smooth muscle 
actin represent embryonic or fetal actin isoforms, as they are 
expressed during skeletal myogenesis (60). Two-dimensional gel 
electrophoresis resolves only three isoforms: i? and {3 (nonmuscle 
and muscle actins) and the [+-actins (smooth, striated skeletal, and 
Striated cardiac). The biochemical identification of the six actin 
isoforms requires chemical analysis of the amino-terminal tryptic 
peptide in cellular extracts. The six actin isoforms may also be 
determined by RNA extraction and Northern blot hybridization using 
specific probes (84) and, more recently, with specific antibodies for 
the six actin isoforms (85). Vascular smooth muscle cells are 
characterized by a predominance of the {+-smooth muscle actin 
isoform. In contrast, parenchymal smooth muscle cells contain large 
amounts of the /3-smooth muscle actin isoform (79,80,81,86). The 
pattern of i+-, Î2- and Î3-actin isoform expression varies in smooth 
muscle tissues of adult mammals (86). This pattern varies also 
during nonneoplastic pathologic conditions, such as atheromatosis 
(87,88), but changes only slightly in uterine leiomyomas, compared 
with normal myometrium (86). During the early months of life, 50% 
of cells in the aortic media lack {[+-smooth muscle actin, whereas /+- 
smooth muscle actina€“negative cells constitute less than 1% in the 
adult. These findings demonstrate that, at least in arteries, 


differentiation of smooth muscle cells is completed after birth (67). 
These observations collectively suggest that the pattern of {+-actin 
isoform expression and, particularly, the expression of {+-smooth 
muscle actin in vascular smooth muscle cells are related to the 
degree of smooth muscle differentiation. 


Pericytes resemble vascular smooth muscle cells (89). In a 
meticulously executed treatise published in 1923, Zimmermann 
showed that pre- and postcapillary pericytes are connected to 
vascular smooth muscle cells (90). In 1991, an elegant study showed 
that pre- and postcapillary pericytes indeed expressed {+-smooth 
muscle actin, whereas the midcapillary pericytes fail to express this 
actin isoform (91). Pericytes were also shown to resemble vascular 
smooth muscle cells by their intermediate filament expression. Both 
cell types express vimentin or vimentin and desmin (92). In addition, 
the intermediate filament composition of pericytes discloses species 
and tissue differences similar to those observed in vascular smooth 
muscle cells (71,72,73,74). 


Myofibroblasts in normal tissue, granulation tissue, and pathologic 
tissues disclose five cytoskeletal phenotypes: phenotype V, 
represented by cells expressing only vimentin; phenotype VA, 
represented by cells expressing vimentin and {+-smooth muscle 
actin; phenotype VAD, represented by cells expressing vimentin, Î=- 
Smooth muscle actin, and desmin; phenotype VD, represented by 
cells expressing vimentin and desmin; and phenotype VA (D) M, 
representing myofibroblasts expressing vimentin, {[+-smooth muscle 
actin, and smooth muscle myosin heavy chains, with and without 
desmin. The five phenotypes are readily defined in frozen and 
paraffin sections using immunohistochemistry, employing single, 
double, or triple staining techniques. Myofibroblasts of the various 
immunophenotypes may also express the {?-and {3-cytoplasmic 
actins, although it is more common that they express Î+-smooth 
muscle actin. This has led to the misconception that, for a cell to be 
classified as a myofibroblast, it must express Î+-smooth muscle 
actin. This is not true, as cells other than myofibroblasts express [+- 


Smooth muscle actin. There are situations in which cells have the 
ultrastructural characteristics of myofibroblasts (e.g., stress fibers) 
but do not express [+-smooth muscle actin; for example, interstitial 
cells in alveolar septa and the early phase of granulation tissue 
(93,94). (For illustration see below.) Considering these data, it is 
apparent that the distinction between smooth muscle cells and 
myofibroblasts remains complex at the immunohistochemical level 
and that no single immunophenotype is distinctive for 
myofibroblasts. 


Biochemical 


Myofibroblasts possess not only contractile forces, but also synthetic 
properties. Four major groups of macromolecules comprise the 
extracellular matrix: (a) collagens; (b) glycoproteins (e.g., 
fibronectins, laminins, tenascin); (c) proteoglycans (e.g., aggrecan, 
synchrons, perlecan, decorin); and, (d) elastins with their associated 
proteins (95). Myofibroblasts possess synthetic properties for several 
extracellular matrix components: collagens type I, III, IV and V 
(29,96,97,98), glycoproteins (99), and proteoglycans such as 
fibronectin, laminin, and tenascin (100). In addition, liver 
myofibroblasts in the murine schistosomiasis model secrete lysyl 
oxidase, an enzyme that initiates the first step in the cross-linking of 
collagen and elastin, a crucial function for the stabilization of the 
extracellular matrix (101,102). 


Concerning collagen synthesis in granulating wounds, the collagen 
initially produced is type III. This form of collagen imparts a measure 
of plasticity to the wound in the early phase of healing. When 
granulation tissue is resorbed following wound closure, 

myofibroblasts disappear through the process of apoptosis (see 
below) and the more rigid type | collagen is biochemically identified 
(97,98). In similar fashion, the proliferative cellular phase of palmar 
fibromatosis and the young edematous mesenchyme of areas 
corresponding to early stromal invasion of breast carcinomas, both 


rich in myofibroblasts, contain increased amounts of type III collagen 
(26,103,104). Increased amounts of type V collagen are 
biochemically identified in desmoplastic human breast carcinomas, 
apparently also produced by myofibroblasts (98). 
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Pharmacologic 


Strips of granulation tissue exposed in vitro to a variety of 
pharmacological agents contract and relax in a manner analogous to 
smooth muscle. Prostaglandin Fi, bradykinin, serotonin, endothelin- 
1, histamine, angiotensin, norepinephrine, epinephrine and 
vasopressin initiate contraction. The intensity of the response 
depends on the origin, age, and initial degree of contraction of the 
granulation tissue tested. Prostaglandins E1 and E2 and papaverine 
induce relaxation in tissues in a contracted state (2,3,17). 
Cytocholasin B abolishes the contraction of granulation tissue, 
probably as the result of microfilament disruption (105). Trocinate 
({2-diethylaminoethylphenylthioacetate), another inhibitor of smooth 
muscle contraction, has been reported to decrease contraction when 
applied topically on rabbit wounds (106). 


Strips of cirrhotic liver, when exposed to smooth muscle stimulating 
agents, contract significantly when compared with strips of normal 
liver (107). Pronounced myofibroblastic interstitial fibrosis is also 
produced in lungs of bleomycin-injected rats. When strips of these 
fibrotic lungs are exposed to acetylcholine, epinephrine, and a Kt- 
depolarizing solution, the force developed is approximately twice that 
of normal lung tissue strips (108). The relative reactivity to various 
stimulating agents of myofibroblasts from diverse sources varies; 
thus, acetylcholine causes contraction of strips of fibrotic lungs but 
not of granulation tissue from a skin wound or a granuloma pouch, 
and serotonin induces retraction of the granuloma pouch but not 
strips from a skin wound (3). In addition to this heterogeneity in the 
pharmacological reactivity of granulation tissue strips from various 


sources, there are also differences between the response of strips of 
granulation tissue and strips of smooth muscle; the former reach 
their peak contraction slower but maintain it longer than the latter. 


Whereas the various enumerated agents were shown to reveal their 
activity on granulation tissue in vitro, the exact mechanism leading 
to myofibroblast contraction in vivo remains to be elucidated. In this 
context, it is noteworthy that when hepatic stellate cells are 
Subjected to in vivo ischemia reperfusion injury, they exhibit a de 
novo temporary increase of [+-smooth muscle actin expression. A 
similar phenomenon takes place during the initial phases of liver 
transplantation in humans (109). Likely, this represents a response 
to ischemic injury. 


Endothelin-1 was originally isolated from the conditioned medium of 
cultured porcine endothelial cells and was shown to be the most 
potent vasopressor substance yet characterized (110). Endothelin-1 
may be an endogenous modulator of myofibroblast- mediated 
contraction because it causes reversible and concentration-dependent 
contraction of granuloma pouch granulation tissue, the 21-day 
granulation tissue being the most responsive. This response can be 
inhibited by calcium antagonists (111,112). The vasopressor effect of 
endothelin-1 possibly is controlled and mediated through the action 
of cytokines, among others, TGF-i2 (113,114), which, in turn, is able 
to induce [+-smooth muscle actin expression in fibroblasts and 
myofibroblasts. More recently it has been shown that the intracellular 
administration of the N-terminal peptide of {[+-smooth muscle actin, 
the actin isoform responsible for myofibroblast contraction (see 
below), decreases force generation by myofibroblasts in vitro and 
inhibits wound contraction in vivo (115); this may represent a useful 
tool for the control of tissue retraction and remodeling during several 
pathological situations. 


In Vitro Culture Studies 


When myofibroblasts from various sources (granulating wounds, 


Dupuytren's disease, and invasive breast cancer) are cultured, they 
maintain to a certain extent their unique resemblance to fibroblasts 
and smooth muscle cells. Cultured fibroblasts may express different 
phenotypic features, and a spectrum of differentiation steps has been 
described (116). In particular, primary passaged fibroblastic cells in 
culture express /+-smooth muscle actin (68,79,117). Cytoskeletal 
proteins such as desmin and smooth muscle myosin heavy chains are 
also variably expressed by cultured fibroblasts derived from different 
organs or pathologic tissues, but expression is generally low and 
absent in several populations (118). Myofibroblasts cultured from 
Skin wound granulation tissue maintain some biologic features 
different from those of dermal fibroblasts (119). If the growth rate 
and the actin concentration of cultured fibroblasts from normal 
dermis and myofibroblasts of human granulation tissue are 
compared, myofibroblasts grow slower than fibroblasts (120) and 
contain a significantly higher concentration of actin (121). Wound- 
healing fibroblasts were shown to develop greater contractile 
properties than dermal fibroblasts (122). Similarly, fibroblastic cells 
cultured from Dupuytren's nodules maintain biologic features 
different from those of normal dermis or fascial fibroblasts yet are 
similar to those of neoplastic or embryonic fibroblasts (123). 
However, it is important to state that the percentage of cells 
exhibiting myofibroblast features in culture does not necessarily 
reflect their proportion in the tissue of origin. When fibroblast 
cultures from various species, including man, were established using 
cloning and subcloning techniques, a certain percentage of cells was 
positive for i/+-smooth muscle actin (118). This concept of fibroblast 
heterogeneity is now well-established in vitro (124) and in vivo [see 
review by Schmitt-GrAnff et al. (8)]. Alpha-smooth muscle actin is 
expressed by fibroblasts cultured from the lens of the eye, mammary 
gland, perisinusoidal cells of the liver, and glomerular mesangial 
cells, sites where stromal cells normally expressing this protein do 
not occur (125,126,127,128) but which may give rise to reactive 
stromal cells expressing 
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Î+-smooth muscle actin in pathologic conditions. It is likely that Î=- 
smooth muscle actin expression in cultured fibroblasts stems from 
the culture conditions imposed upon the fibroblasts. Fibroblastic 
modulation to a myofibroblast phenotype in vitro may thus reflect a 
cellular response to their altered biochemical and mechanical 
environment, somewhat analogous to that which occurs in wounds. 


Myofibroblast Development: A Two- 
Stage Model 


Fibroblasts cultured on planar culture dishes rapidly attach to the 
wall of the container and move across its surface; adherence and 
mobility are attributed to the de novo development of a system of 
microfilament bundles called stress fibers (129). These may measure 
up to 2 Âum in diameter and connect to the extracellular matrix at 
sites of focal adhesions (130) and to adjacent cells at sites of 
adherens junctions (50) (Figure 6.3). Initially, stress fibers are 
mainly composed of cytoplasmic actins, as shown by 
immunofluorescence and immunoelectron microscopy with specific 
antibodies (131,132,133). Several studies have shown that stress 
fibers also contain actin-associated proteins such as myosin, 
tropomyosin, Î=+-actinin, and filamin (7). The formation of stress 
fibers and cell-matrix adhesions is in sharp contrast to the cortical 
arrangement of actin in fibroblasts in most normal connective tissues 
and represents the first step in the development of the myofibroblast 
phenotype. The term protomyofibroblast was recently proposed for 
fibroblasts with contractile stress fibers that do not (yet) express Î=+- 
smooth muscle actin (134). 


Development of the protomyofibroblast is predominantly controlled 
by the mechanical properties of the extracellular matrix [for reviews 
see (134,135)] and requires the permanent feedback between 
intracellular and extracellular tension. Stress fiber formation in 
fibroblasts on rigid glass or plastic surfaces is increased after 


contractile activity stimulation and is lost upon application of 
inhibitors of contraction (136). In contrast, fibroblasts grown on 
compliant substrates fail to develop protomyofibroblastic features 
even in the presence of contraction agonists (137). When embedded 
in a three-dimensional gel of newly polymerized collagen, fibroblasts 
acquire a dendritic morphology similar to that in normal dermis 
(138); they extend and retract long processes, possibly to explore 
and organize the new environment (139). In free-floating collagen 
gels the forces developed by such processes lead to collagen gel 
condensation (139). However, since collagen fibers are free to move, 
overall matrix stress does not develop, and fibroblasts maintain their 
dendritic appearance (139). In contrast, collagen reorganization in 
restrained gels produces matrix stiffening and increases global 
stress, inducing alignment of fibroblasts along the lines of tension 
and the formation of stress fibers (134,139) (Figure 6.4). Similarly, 
after stress-release of restrained collagen gels, protomyofibroblasts 
rapidly loose stress fibers and matrix contacts (140). Importantly, 
fibroblasts are capable of adjusting their contractile activity 
according to the external load; controlled stress-release of collagen 
gels in a culture increases fibroblast contractile activity, whereas gel 
stretching leads to fibroblast relaxation, a phenomenon that has been 
termed tensional homeostasis (141). 


A similar mechanism of protomyofibroblast development appears to 
apply in vivo. In most normal connective tissues, fibroblasts are 
protected from external tensile stress by their surrounding matrix 
(134). This situation changes dramatically with an altered 
microenvironment, such as when a dermal wound is provisionally 
filled with a clot of fibrin and blood platelets, which, in conjunction 
with white blood cells, release a variety of cytokines (142,143). 
These changes stimulate fibroblasts to migrate into the wound bed, 
where they proliferate and initiate restoration of the dermis by 
secreting and organizing the dermal matrix. The increasing number 
of migrating fibroblasts enhances matrix rigidity by applying 
tractional forces to the newly formed granulation tissue, ultimately 


leading to the development of stress fibers. 


A number of recent studies have demonstrated that mechanical 
stress is a prerequisite for the second step of myofibroblast 
development, signaled by the expression of [+-smooth muscle actin 
in stress fibers (134,68). In vitro, the level of [+-smooth muscle 
actin expression increases with increasing matrix rigidity, as 
demonstrated by growing differentiated myofibroblasts in collagen 
substrates or on polyacrylamide elastomers exhibiting different 
degrees of stiffness (144,145). In vivo, application of mechanical 
stress to granulation tissue fibroblasts by splinting the wound edges 
with a plastic frame accelerates expression of Î+-smooth muscle 
actin compared to normally healing wounds; stress release by 
removal of the frame rapidly leads to the disassembly of stress fibers 
and loss of i+-smooth muscle actin expression (146). 


In addition to mechanical stress, transformation of the 
protomyofibroblast into the differentiated myofibroblast requires the 
concerted action of cytokines and specific components of the 
extracellular matrix. It is increasingly accepted that TGF-I?1 is the 
major growth factor inducing myofibroblast differentiation 
(27,147,148) from fibroblastic cells (147,149) and mesangial cells 
(33,150). More recently, thrombin (151) and endothelin-1 (152) 
have been shown to induce myofibroblast differentiation, the latter 
either directly or in coculture with epidermal cells (153). It has been 
demonstrated in experimental animals that the subcutaneous 
administration of granulocyte macrophagea€“colony stimulating 
factor (GM-CSF) promotes the development of granulation tissue rich 
in [+-smooth muscle actina€“positive myofibroblasts (154,155); this 
action, however, is indirect and could be mediated by TGF-Î2. TGF- 
[2a€“mediated expression of Î+-smooth muscle actin depends 
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upon the presence of the fibronectin splice variant ED-A fibronectin 
(30) in the extracellular matrix (Figure 6.4). This clearly 
demonstrates the complex interplay of diffusible and immobilized 
factors in promoting the development of differentiated 


myofibroblasts. Other cytokines and/or growth factors have been 
Shown to facilitate or inhibit myofibroblast development and 
proliferation. Nerve growth factor (156) facilitates the process, 
however, it is not known whether this action is independent of TGF- 
Î21; interferon-i? inhibits the process (118). 


Mechanisms of Force Generation and 
Transmission 


Several observations suggest that stress fibers are the force- 
generating elements in wound contraction, since they contract upon 
addition of adenosine triphosphate to glycerinated fibroblasts 
(13,157,158). As well, microinjection experiments revealed that 
stress fibers are functionally analogous to skeletal muscle fibers 
(158,159). Several models have been developed to study the 
contractile activity of fibroblastic cells in vitro. Using two- 
dimensional deformable silicone substrates, fibroblasts have been 
shown to produce long-lasting wrinkles of the substrate, suggesting 
the production of continuous isometric tension (160). This technique 
has been greatly improved over the past years by employing 
different elastic polymers and mathematical models to calculate cell- 
generated forces from substrate distortions [for a review see (161)]. 
In a more tissuelike approach to assess the dynamics of wound 
contraction, fibroblasts are cultured in collagen or fibrin matrices 
that are either free-floating and retracting over days or mechanically 
restrained for days and then stress released, leading to contraction 
within minutes [for review see (139)]. Importantly, stress fibers and 
matrix adhesion (i.e., the myofibroblastic phenotype) only develop in 
mechanically restrained gels. Hence, the choice of the appropriate 
collagen model facilitates study of the traction forces of migrating 
fibroblasts or stress fiber-mediated contraction. 


Similar to what occurs in smooth muscle, stress fiber contraction 
may be regulated by elevated levels of intracellular Ca2+, leading to 
activation of myosin light chain kinase and phosphorylation of the 


myosin light chain. However, experimental and clinical observations 
show that granulation tissue retraction, in contrast to rapid and 
reversible contraction of smooth muscle, is the result of a continuous 
isometric force exerted on the surrounding connective tissue. This 
retraction is then stabilized by deposition of newly synthesized 
matrix components and thus becomes irreversible (134). In the last 
few years, the work of several laboratories has suggested that the 
isometric tension produced by stress fibers is regulated by Rho/Rho- 
kinase, which in its active form leads to long lasting tensile activity 
by the inhibition of myosin phosphatase (162). Phosphatase 
inhibitors stimulate myofibroblast contraction in vitro in the absence 
of any other contraction agonist (163). In contrast, increasing 
intracellular Ca2+ with ionophore has no contractile effect, indicating 
that activation of myosin light chain kinase alone is not sufficient to 
promote myofibroblast tension development (164). More recently it 
has been reported that thrombin activation of human lung 
myofibroblast tension development is mediated by protein kinase Ci 
and RhoA and depends on the activation of Ca2+-mediated and Rho- 
kinase signaling pathways (151). 


During the past several years, it has become evident that the 
expression of i+-smooth muscle actin in stress fibers is instrumental 
in force generation by myofibroblasts. Compared with {+-smooth 
muscle actina€“negative fibroblasts, myofibroblasts develop higher 
contractile force as demonstrated using deformable silicone 
substrates (164,165) and contracting collagen gels (165,166). Stable 
transfection with f+-smooth muscle actin confers upon fibroblasts a 
higher contractile activity compared with transfection with 
cytoplasmic or sarcomeric actin isoforms; this effect is exerted in the 
absence of any change in the expression of other contractile 

proteins, such as smooth muscle or nonmuscle myosin (165). The 
mechanism by which [+-smooth muscle actin promotes 
myofibroblast-enhanced contractile activity has not been defined; 
however, it is inhibited in vitro and in vivo and by the intracellular 
delivery of the ji+-smooth muscle actina€“specific N-terminal 


sequence AcEEED (115). 


The force generated by stress fibers is transmitted to the 
extracellular matrix at sites of cell-matrix adhesions (130). In vivo, 
myofibroblasts form a specialized adhesion complex, the _ fibronexus 
(49), which is characterized by a firm co-alignment of intracellular 
actin fibers with extracellular fibronectin fibrils (Figure 6.1B); these 
in turn are connected to collagen in the wound matrix (19). In vitro, 
differentiated myofibroblasts communicate with the extracellular 
matrix through specialized a€cesupermature focal adhesionsa€s 
(145,167), which have a diameter of 6 to 30 Aum and strongly 
express the cytoplasmic proteins vinculin, paxillin, and tensin and the 
transmembrane integrins f+vi23 and Î+5Î21 (145,167). This is in 
contrast to smaller focal adhesions (FAs) (2â€“6 Aum) of Î+-smooth 
muscle actin-negative fibroblasts that do not exhibit significant levels 
of tensin and Î+5Î21 integrin or to fibrillar adhesions that are 
generally negative for vinculin, paxillin and f+vi23 integrin 
(130,168). Focal adhesion supermaturation depends on the high 
contractile activity developed by {i+-SMAa&€“containing stress fibers 
(145), analogous to the maturation of classical FAs from nascent 
focal complexes in response to up-regulated cell contractile activity 
(136). It has been proposed that supermature focal adhesions are 
particularly efficient in promoting tissue contraction (134,135) by 
providing high adhesion to the substrate (145) and by immobilizing 
the cells in the wound bed (169). 
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Tissue Distribution of Myofibroblasts 


Normal Tissues 


Myofibroblasts were described in normal human and animal tissues 
on the basis of ultrastructural and/or immunohistochemical evidence 
of smooth muscle differentiation. The normal settings in which 
myofibroblasts were observed include the external theca of the rat 


ovarian follicle (170); developing human palatal mucosa (171); rat, 
rabbit, and human intestinal mucosa (172,173,174); rat and mouse 
adrenal capsule (175), human, lamb, and monkey pulmonary alveolar 
septa (176); rat testicular stroma (68); rat testicular capsule (177); 
human theca externa of the ovary (178); Wharton's jelly of human 
umbilical cord (179); bovine endometrial caruncle (180); and 
periodontal ligament of the mouse (181) and rat (182), where they 
facilitate tooth eruption. Stromal cells with myoid features were also 
identified in rat and human lymph nodes and in the human spleen 
(183). Another group of stromal cells with myoid features include 
hepatic perisinusoidal cells (184), those in the human uterine 
submucosa (185) and human bone marrow (186), glomerular 
mesangial cells of mouse, rat, and human (187), and, possibly, pre- 
and postcapillary pericytes (89,91). 


Figure 6.5 Human chronic granulation tissue from pleural 
empyema. A. The four layers (L1a€“L4) are clearly discernible: 
L1, alterative; L2, exudative; L3, exudativo-productive; L4, 
cicatrizing (hematoxylin-phloxine-saffron). B. Most 
myofibroblasts from the exudative and exudativo-productive 
layer (L2 andL3) reveal intense immunostaining for Î+-smooth 
muscle actin (phenotype VA) (avidin-biotin-complex-peroxidase). 
Note that myofibroblastic cells change their orientation within the 
different layers. Within the exudative layer, their long axis is 
perpendicular to the surface, whereas in the exudativo- 
productive layer their long axis is often oblique to the surface. 
Within the cicatrizing layer, myofibroblastic cells are oriented 
parallel to the surface, which indicates that the modulation of 
cellular orientation serves to transmit contractile forces to effect 


wound closure. C. In the cicatrizing layer (L4), numerous 
myofibroblasts express desmin (phenotype VAD). (B and C are 
step-sections.) 


Immunohistochemical studies disclosed heterogeneous cytoskeletal 
phenotypes among all of these stromal cells (myofibroblasts) in 
terms of intermediate filament protein, smooth muscle actin, and 
smooth muscle myosin expression; these include V, VD, VA (D) M, 
VA, and VAD phenotypes (188,189). This cytoskeletal heterogeneity 
could reflect different functional needs since all of these stromal cells 
seem to participate in visceral contraction or extracellular matrix 
remodeling, a view supported by the observation that stromal cells 
with myoid features are generally present in organs requiring 
contraction or high degrees of remodeling (190). Another recently 
advanced interpretation proposes that most spindle cells in normal 
tissues cited as being myofibroblasts might be closer to pericytes, 
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smooth muscle cells (191), or stromal cells with myoid features of 
variable degrees that correspond to functional demands. As shall be 
seen in the following sections, myofibroblasts and/or stromal cells 
with myoid features are not stable in terms of cytoskeletal 
phenotypes. In normal, abnormal, and pathologic conditions, the 
phenotype V may change into phenotype VA, VAD, VD, and, 
eventually, into VA (D) M, but terminal smooth muscle differentiation 
(smooth muscle metaplasia) is never attained. Thus, the 
myofibroblast remains an enigmatic cell, one that appears and 
disappears after completion of its functions or, exceptionally, one 
that may persist in certain pathologic conditions. 


Granulation Tissue 


Granulation tissue (Figures 6.5,6.6,6.7) consists of a bed of 
fibroblastic cells separated by a collagenous matrix containing 
capillary buds, fibrin, and inflammatory cells. According to the 


relative predominance of each constituent, four layers are classically 
distinguished: (a) alterative; (b) exudative; (c) exudativo- 
productive; and (d) cicatrizing (Figure 6.6A). Granulation tissue 
fibroblasts characteristically disclose ultrastructural features of 
myofibroblasts. They are most numerous and best developed within 
the exudativo-productive layer and become progressively replaced 
toward the deepest cicatrizing layer by fibroblasts. The orientation of 
the myofibroblasts varies in the different layers of granulation tissue. 
In the exudative layer, the long axis is perpendicular to the surface, 
whereas in the exudativo-productive and cicatrizing layers, the long 
axis is parallel to the surface (Figure 6.6A). These data suggest that 
the spatial orientation of myofibroblasts in granulating wounds 
varies, possibly to maximize the transmission of contractile forces 
and thereby effect wound closure. When the collagenous matrix is 
analyzed, type III collagen predominates. When granulation tissue is 
resorbed following wound closure, myofibroblasts disappear 
(25,97,192) and the more rigid type | collagen is identified (96). 


Figure 6.6 Human granulation tissue, approximately 5 days old, 
composed of phenotype V myofibroblasts. These cells disclose 
subplasmalemmal bundles of microfilaments with few dense 


bodies (small arrows) and also intracytoplasmic bundles of 
microfilaments with dense bodies (large arrows) corresponding to 
stress fibers in formation (uranyl acetate and lead 

Citrate, A—12,500). 


Analysis of cytoskeletal proteins by immunohistochemical methods 
reveals that myofibroblasts from normal healing wounds never 
express desmin or smooth muscle myosin heavy chains during the 
process of wound closure in the experimental animal (25). Smooth 
muscle differentiation in early granulation tissue is absent and 
myofibroblasts are often poorly-developed and correspond to V cells 
(Figure 6.5). Smooth muscle differentiation of myofibroblasts, 
however, becomes temporarily apparent because myofibroblasts 
express [+-smooth muscle actin (VA cells) (Figure 6.7A and B) in 
increasing amounts from the eighth to the fifteenth day; this protein 
is located within bundles of microfilaments (stress fibers), as 
illustrated by immunoelectron microscopic techniques (Figure 6.7C 
and D). This actin isoform disappears progressively from 
myofibroblasts and is not detectable after the thirtieth day by 
immunohistochemical and immunoelectron microscopic methods. 
These results clearly indicate that granulation tissue myofibroblasts 
temporarily acquire a VA phenotype. This is valid when wound repair 
is accomplished by primary intention. When repair is accomplished by 
secondary intention in chronic granulation tissue (e.g., chronic 
gastric ulcer, cutaneous ulceration, or pleural empyema), 
myofibroblasts of the VAD phenotype may be detectable (Figure 6.6B 
and C). 


The study of the ontogenesis of wound healing reveals that many 
species possess the unique ability to heal wounds without scarring 
(193,194,195,196,197,198). Estes et al. (199), 
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examining fetal wounds in the fetal lamb, recently showed that there 
are differences between early and late gestational wound healing. In 


the lamb, term gestation is approximately 145 days. Early 
gestational wounds (75 days) healed without scarring by repair of 
the epidermis, reconstitution of epidermal appendages, and 
remodeling of the dermal collagenous network. In contrast, late 
gestational wounds (100 and 120 days) healed with scarring through 
formation of granulation tissue containing myofibroblasts that were 
mostly derived from local resident fibroblasts. The situation appears 
to be different in healing corneal wounds, in which corneal 
keratocytes transform into repair corneal fibroblasts or 
myofibroblasts (200,201,202). 


Figure 6.7 Experimental granulation tissue from the rat, 15 days 
old. A. Double immunofluorescent staining for Î+-smooth muscle 
actin (A). B. Double immunofluorescent staining for desmin. 
Myofibroblastic cells reveal intense staining for Î+-smooth 


muscle actin (A) but are negative for desmin (B). Vascular 
smooth muscle cells are positive both for [+ smooth muscle actin 
and desmin. C. Immunoelectron microscopic localization of [+- 
smooth muscle actin within intracytoplasmic bundles of 
microfilaments, that is, stress fibers. D. Immunoelectron 
microscopic localization of {+-smooth muscle actin in 
subplasmalemmal bundles of microfilaments. (C, A—31,000; D, 
Ã—28,400.) 


Pathologic Tissues 


Upon analysis of the many pathologic conditions in which 
myofibroblasts have been described, three fundamental processes 
emerge: (a) responses to injury and repair phenomena or situations 
related to inflammation and tissue remodeling; (b) quasineoplastic 
proliferative conditions; and (c) the stromal response to neoplasia 
(6,203). This 
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concept, enunciated some 25 years ago, appears valid to this day 
(6). 


Responses to Injury and Repair Phenomena 


Responses to injury and repair phenomena comprise human and 
experimental cirrhosis (204,205,206), tenosynovitis (207), radiation- 
induced pseudosarcoma of skin (208), burn contracture (209), 
ischemic contractures of intrinsic muscles of the hand (210), renal 
interstitial fibrosis during obstructive nephropathy (211), pulmonary 
sarcoidosis (212), giant cell granuloma of jaws (213), schistosomal 
liver fibrosis (214), regenerating tendon (215), fibrous capsule 
around silicon mammary implants (216,217), nodular hyperplasia of 
the liver (218), ganglia of soft tissue (219), hypertrophic scars 
(220), cataract (221), bleomycin-induced pulmonary interstitial 


fibrosis in the rat (222), fibrous heart plaque in the carcinoid 
syndrome (223), atherosclerotic lesions in humans and experimental 
animals (224,225,226,227), localized and systemic scleroderma 
(228), and experimental hydronephrosis (229). When cytoskeletal 
proteins of these conditions are analyzed most reactive cells 
correspond to the VA, some to the VAD, and few to the VD and VA 
(D) M phenotype (188,192). 


A recent report proposed that a reactive myofibroblastic proliferation 
with increased deposition/formation of extracellular matrix might be 
responsible for the progressive and irreversible obstruction of 
airways in chronic bronchial asthma (230). In asthma, it appears that 
epithelial-mesenchymal interactions may play an important role in its 
pathogenesis. Epithelial injury and subepithelial collagen deposition 
are characteristic of asthma. It was proposed that epithelial cell 
proliferation increases after airway injury in asthmatics, that 
epithelial cells stimulate lung myofibroblast collagen production, and 
that both processes are modulated by allergen-recruited 
inflammatory cells, proinflammatory cytokines, growth factors, and 
mediator-generating enzymes. Beneath the damaged bronchial 
epithelium, there is an increase in the number of subepithelial 
myofibroblasts that deposit interstitial collagens, causing thickening 
and increased density of the subepithelial basement membrane 
(231,232,233). 


Focal segmental glomerular hyalinosis/sclerosis (FSGS) is another 
state which might belong to the group of responses to injury and 
repair phenomena (Figure 6.8Aâ€“I). The condition is associated with 
significant proteinuria and hypertension; many patients develop 
chronic renal failure, requiring dialysis and eventual renal 
transplantation. In FSGS, mesangial cells, which normally express 
only cytoplasmic actins and therefore correspond to myofibroblasts 
with a V phenotype, may gradually acquire a VA phenotype, 
expressing Î+-smooth muscle actin as revealed by 
immunohistochemical techniques (Figure 6.8D). Moreover, they 
develop stress fibers as observed by ultrastructural examination 


(Figure 6.81). These findings are similar to those in experimental 
immune complex nephritis in which mesangial expression of smooth 
muscle actin correlates with mesangial cell proliferation (33). In 
FSGS, mesangial cells expressing /+-smooth muscle actin become 
progressively apparent in the early stage of the disease 
(podocytosis; Figure 6.8C and D) (234). Their numbers increase as 
the lesion progresses to the hyalinosis stage (Figure 6.8E and F). At 
the stage of sclerosis, the number of mesangial cells immunostained 
for i+-smooth muscle actin is reduced, somewhat analogous to that 
which occurs over time in wound healing (Figure 6.8G and H). 


In abnormally healing wounds (hypertrophic scars and keloids), one 
observes several important differences. Hypertrophic scars always 
exhibit nodular structures in which fibroblastic cells, small vessels, 
and fine randomly organized collagen fibers are present. Within these 
nodules, numerous myofibroblasts of the VA phenotype and, in lesser 
numbers, myofibroblasts of the VAD phenotype are identified (Figure 
6.9Aa€“H). Exceptionally, myofibroblasts of the VA (D) M phenotype 
are observed. Keloids contain large thick bands of closely packed cell 
fibers and rare nodular structures, the latter containing few or no VA 
cells (235,236). VAD cells are not observed within classical keloids 
(231), however VA and VAD cells are frequently observed in 

relatively small keloids of Caucasians (237). 


Quasi-neoplastic Proliferative Conditions 


This group embodies the poorly-understood but very important and 
frequent soft tissue proliferations included under the broad heading 
of fibromatoses, as well as many other soft tissue proliferations 
(often mimicking sarcomas) that share a predominant myofibroblastic 
composition and a variable proliferative potential yet do not 
disseminate or metastasize (6,203). 


Myofibroblasts constitute the principal cellular components of 
Superficial and deep musculoaponeurotic fibromatoses (238). 
Superficial (fascial) fibromatoses include palmar fibromatosis 


[Dupuytren's disease (16,103,239,240,241)], plantar fibromatosis 
[Ledderhose's disease (16)], penile fibromatosis [Peyronie's disease 
(240)], and knuckle pads (243). Deep musculoaponeurotic 
fibromatoses comprise extra-abdominal, abdominal and intra- 
abdominal variants, collectively named desmoid tumors (238). To 
this group belong the infantile fibromatoses (244). Other soft tissue 
proliferations predominantly composed of myofibroblasts are nodular 
fasciitis (245), proliferative fasciitis (246), proliferative myositis 
(247), giant fibroma of oral mucosa (248), dermatofibroma (249), 
elastofibroma (250), plasma cell granuloma of the lung (251), digital 
fibroma of infancy (252), and juvenile nasopharyngeal angiofibroma 
(253). Myofibroblasts are also present in cardiac myxomas (254) and 
in uterine plexiform tumors (255). 
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Figure 6.8 Evolution of focal segmental glomerular 
hyalinosis/sclerosis using step-sections stained with PAS and /+- 
smooth muscle actin. A. and B. Normal glomerulus; B is without 
significant immunostaining of mesangial cells for Î+-smooth 
muscle actin. C. and D. Early stage of focal segmental hyalinosis 
characterized by vacuolar degeneration of podocytes with hyalin 
PAS-positive droplets and increased mesangial matrix in two 
glomerular segments; that is, podocytosis (arrow). Mesangial 
cells of the two glomerular segments disclose significant 
immunostaining for Î+-smooth muscle actin (D). E. and F. 


Typical segmental lesion with hyaline endomembranous PAS- 
positive deposit (arrow) and foam cells (arrowheads). Mesangial 
cells disclose significant immunostaining for Î+-smooth muscle 
actin. G. and H. Segmental sclerosis with decreased 
immunostaining for f+-smooth muscle actin (asterisk). I. 
Mesangial cell disclosing stress fibers composed of 
microfilaments with dense bodies (arrow), enhanced in inset 
(uranyl acetate and lead citrate, A—8000; inset A—15,150). 
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Dupuytren's Disease 


Among quasineoplastic proliferations, Dupuytren's fibromatosis has 
been studied extensively by morphologic, immunohistochemical, and 
biochemical techniques (24,26,256,257). Cytoskeletal proteins have 
been widely used as markers of differentiation for neoplastic and 
quasineoplastic proliferations and as markers of adaptation to 
physiologic situations, particularly for muscular and related soft 
tissue proliferations (24,26,64). 


According to Luck (258), the nodules of Dupuytren's disease are 
assigned to three different phases, depending on the histologic 
pattern: (a) proliferative phase; (b) involutional phase; and (c) 
residual phase (Figure 6.10Aa€“D). Patients with Dupuytren's disease 
often present multiple nodules showing considerable variation in their 
histologic appearance. The classification is, therefore, based on the 
predominant histologic pattern (105,259). 


Sections from proliferative phase nodules feature high cellular 
density, decreasing from the center to the periphery (Figure 6.10A). 
They are well-vascularized and display a _ poorly-collagenized 
appearance. Ultrastructurally, they are composed of myofibroblasts 
with numerous and long cytoplasmic extensions, joined by numerous 
gap and adherens junctions (Figure 6.11A and inset). Their plasma 


membrane displays focal deposition of basal lamina, plasmalemmal 
attachment plaques, and pinocytotic vesicles, as well as cell-to- 
stroma attachment sites in the form of fibronexus (49). The 
cytoplasm features a well-developed rough endoplasmic reticulum 
and Golgi apparatus and numerous stress fibers, the latter usually 
oriented parallel to the long axis of the cell (Figure 6.11A). The 
nucleus is typically indented and often contains one or several 
nuclear bodies. The extracellular matrix is composed of a few mature 
collagen fibers (64 nm periodicity) admixed 
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with indistinct granular and basal lamina-like material (Figure 
6.11A). 


Figure 6.9 Double immunofluorescent staining of two 
hypertrophic scars (Aa€“D and Ea€“H) with antibodies to 
vimentin (A and E), [+-smooth muscle actin (B and F), Î+- 
smooth muscle actin (C and G), and desmin (D and H). One 
hypertrophic scar (Aa€“D) contains V and VA cells, and the other, 


from a site of smallpox vaccination (Ea€“H), contains mainly VAD 
cells. Note that most small blood vessels are positive for 
vimentin and Î+-smooth muscle actin. (Source: 

Sappino AP, SchAYarch W, Gabbiani G. Differentiation repertoire 
of fibroblastic cells: expression of cytoskeletal proteins as 
marker of phenotypic modulations. Lab Invest 
1990;63:144a€“161. 
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Figure 6.10 Dupuytren's disease: semithin sections. A. 
Proliferative phase nodule illustrating large elongated cells with 
numerous cytoplasmic extensions and indented nuclei, some in 
cell division (arrow). B. and C. Involutional phase nodule 
composed of aligned spindle cells that display fewer, shorter, and 


smaller cytoplasmic extensions than in A. D. Residual phase 
nodule showing slender spindle cells in a poorly-vascularized and 
densely collagenous matrix. (Toluidine blue-stain.) (Source: 
SchAY%rch W, Skalli O, Gabbiani G. Cellular biology of 
Dupuytren's disease. In: McFarlane RM, McGrouther DA, Flint MH, 
eds. Dupuytren's Disease: Biology and Treatment. London: 
Churchill Livingstone; 1990:31â€“47. 

) 


Figure 6.11 Dupuytren's disease: proliferative phase nodule. A. 
Transmission electron micrograph of proliferative phase nodule. 


Note large typical myofibroblast with cytoplasmic extensions, 
well-developed rough endoplasmic reticulum and Golgi areas, and 
prominent cytoplasmic bundle of microfilaments with numerous 
dense bodies oriented parallel to the long axis of the cell. The 
nucleus is indented. The extracellular matrix contains few mature 
collagen fibers. Inset: Gap junction between two myofibroblasts 
(arrow) followed by an intermediate junction (open arrow). 
(Uranyl acetate and lead citrate: A—7500; inset, A—72,000.) B. 
and C. Double immunofluorescent staining for {+-smooth muscle 
actin (B) and desmin (C). The majority of the proliferating cells 
comprising the nodule correspond to VA cells, while lesser 
numbers of cells express VAD and V phenotypes. 


Involutional phase nodules also feature high cellularity, but the cells 


are smaller than those of the proliferative phase and tend to be 
aligned in the same direction (Figure 6.10Ba€“C). —Ultrastructurally, 
these nodules are composed of myofibroblasts that are also 
connected by gap and adherens junctions. These intercellular 
junctions, however, seem to be less numerous than in proliferative 
phase nodules. The most striking difference with proliferative phase 
nodules is the increased amount of collagen that envelopes 
myofibroblasts. By immunoelectron microscopy, {!+-smooth muscle 
actin is localized within bundles of microfilaments of myofibroblasts 
of the proliferative and involutional phase nodules. 


Residual phase nodules are hypocellular and the slender and aligned 


cells are surrounded by thick bands of collagen, giving them a 
tendonlike appearance (Figure 6.10D). By ultrastructure, these 
nodules are composed of mature fibroblasts (Figure 6.12A), some 
containing discrete subplasmalemmal bundles of microfilaments 
without dense bodies. Occasional poorly-developed adherens-type 
junctions (Figure 6.12A and inset) connect the fibroblasts, but 


gap junctions are no longer observed. The slender fibroblasts show 
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smooth, contoured nuclei and are embedded in a dense collagenous 
matrix formed by thick bands of tightly packed collagen fibers. In 
conclusion, significant ultrastructural differences exist between 
proliferative, involutional, and residual phase nodules in Dupuytren's 
disease in relation to the cells, intercellular junctions, and 
composition of the extracellular matrix. 


Figure 6.12 Dupuytren's disease: residual phase nodule. A. 
Transmission electron micrograph illustrating slender fibroblasts 
with smooth contoured nuclei embedded in a dense collagenous 
matrix and joined by poorly-differentiated junction (open arrow, 
inset) (uranyl acetate and lead citrate, A—12,150; inset, 
A—40,500). B. and C. Double immunofluorescent staining for Î=- 


smooth muscle actin (B) and desmin (C). Cells comprising the 
residual phase nodule correspond to V cells. A few isolated cells 
express only VAD or VA phenotypes. 


When the collagenous matrix of Dupuytren's disease is analyzed by 
immunohistochemical techniques, proliferative phase nodules reveal 
a predominance of type III collagen, whereas in the residual 
fibroblastic phase, type | collagen predominates (103). Differences 
between proliferative and residual phase nodules are also defined in 
the vascularization. In proliferative phase nodules, capillaries are 
numerous and feature, ultrastructurally, large and prominent 
pericytes that display distinct smooth muscle differentiation; whereas 
in residual phase nodules, capillaries are few in number and are 
surrounded by small and inconspicuous pericytes that are devoid of a 
well-developed microfilamentous apparatus (26). Analogous to wound 
healing, the cicatrizing process within proliferative and _ involutional 
phase nodules is centripetal, being completed within residual phase 
nodules. 


When immunohistochemical techniques are employed to study the 
cellular phases of Dupuytren's disease the 
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following results are obtained. Cells of the proliferative phase 
nodules always express vimentin, which is associated in 
approximately 80% of the cells with [+-smooth muscle actin (68) and 
in about 20 to 40% with desmin when double-labeling 
immunofluorescence techniques are performed (Figure 6.11Ba€“C). 
Rarely, isolated cells positive for vimentin, /+-smooth muscle actin, 
and smooth muscle myosin heavy chains with or without desmin are 
present [VA (D) M phenotype] (189). In involutional phase nodules, 
desmin-positive cells are less numerous or even absent, whereas Î+- 
Smooth muscle actin-positive cells are still present, albeit in lesser 
numbers. In residual phase nodules few or no /+-smooth muscle 
actina€“positive cells persist, and the remaining slender cells express 


solely vimentin (Figure 6.12Ba€“C). Accordingly, cells comprising the 
nodules of Dupuytren's disease express different cytoskeletal 
phenotypes: (a) phenotype V; (b) phenotype VAD; (c) phenotype VA; 
and (d) phenotype VD. In most proliferative phase nodules of 
Dupuytren's disease and also in the cellular areas of 
musculoaponeurotic fibromatoses, the number of VA cells 
considerably exceeds the number of VAD and VD cells (24). At the 
heavily collagenized interphase of involutional and residual nodules, 
the number of VAD and VD cells decreases progressively and is 
replaced by an almost pure population of V cells (24,26,257). Despite 
their heterogeneity in intermediate filament proteins and actin 
isoforms, myofibroblasts from Dupuytren's disease (69,256) express 
usually only nonmuscle myosins. Exceptionally, isolated cells 
expressing smooth muscle myosin heavy chains [VA (D) M 
phenotypes] are observed (189). In these tissues, the extracellular 
matrix around myofibroblasts is strongly stained with antibodies to 
fibronectin but not to laminin (256,260). 


Other Quasi-Neoplastic Proliferative 
Conditions 


A heterogeneous cytoskeletal composition is also observed in 
myofibroblasts of dermatofibromas, which reveal at least three 
cytoskeletal phenotypes: VA, VAD, and V cells, with a predominance 
of VA cells in cellular dermatofibromas and an almost exclusive 
composition of V cells in fibrous dermatofibromas (261). Whether 
myofibroblasts of the VA (D) M phenotype exist has not yet been 
determined. By ultrastructure, cellular dermatofibromas are 
composed of well-developed myofibroblasts, joined by gap and 
intermediate junctions, and admixed with variable numbers of 
fibroblasts and macrophages. Fibrous dermatofibromas, in contrast, 
are composed almost exclusively of fibroblasts and feature only small 
numbers of poorly developed myofibroblasts. 


This heterogeneous cellular and cytoskeletal phenotypic composition 


of dermatofibromas permits one to distinguish them from 
dermatofibrosarcoma_ protuberans, which represents a pure 
fibroblastic neoplasma€”both at the ultrastructural level and with 
regard to the cytoskeletal immunophenotype (261). Furthermore, the 
heterogeneous cytoskeletal composition of dermatofibroma identifies 
this lesion definitively as a quasineoplastic reactive and proliferative 
condition, whereas dermatofibrosarcoma protuberans represents a 
fibroblastic neoplasm (261). 


Nodular and proliferative fasciitis are predominantly composed of 
myofibroblasts with similar cytoskeletal phenotypes of VA and rare 
VAD cells, the latter being more prominent in the proliferative 
variant (Figure 6.13Ada€“C). 


Infantile myofibromatosis reveals a predominance of VA cells with 
limited numbers of VAD cells. By ultrastructure, in contrast to other 
fibromatoses, smooth muscle differentiation appears to be more 
prominent than in conventional fibromatoses, although typical 
myofibroblasts are numerous, a feature that justifies the term 
infantile myofibromatosis. Furthermore, massive apoptosis has been 
documented in infantile myofibromatosis and is proposed as a 
putative mechanism of regression of this proliferative myofibroblastic 
lesion (262). 


Stromal Response to Neoplasia 


Legions of medical students have been taught that many invasive and 
metastatic carcinomas are characterized by hard consistency and 
retraction and are often fixed to adjacent tissues. Typical examples 
are invasive ductal mammary carcinomas, associated with skin and 
or nipple retraction (Figure 6.14A), annular stenosing colon 
carcinomas (Figure 6.14B), gastric linitis plastica, the so-called 
frozen pelvis in advanced gynecological carcinomas, the a€cewoody 
harda€* nodule of invasive prostatic carcinoma, and metastatic 
carcinoma in matted lymph nodes fixed to surrounding tissues and 
the overlying skin. The hard consistency and the retraction 


phenomena are due to the desmoplastic stromal reaction and 
contracting myofibroblasts. 


Myofibroblasts are particularly numerous within the stroma of 
desmoplastic and retracted primary invasive and metastatic 
carcinomas (6,20,21,22,23,263), and the retraction associated with 
such carcinomas is attributed to the contractile forces generated by 
stromal myofibroblasts. Myofibroblasts are usually not observed in 
the stroma contiguous to in situ carcinomas (Figures 6.15Aa€“B, 
6.16Aa€“B) (6,23), Suggesting that invasion beyond the basal lamina 
is required to evoke a myofibroblastic stromal reaction. On occasion, 
stromal cells expressing i+-smooth muscle actin are observed around 
in situ ductal breast carcinoma (personal observation, Figure 
6.15Ca€“D). By ultrastructure, the periductal stromal cells 
expressing |+-smooth muscle actin may disclose the typical 
morphologic features of myofibroblasts with well-developed stress 
fibers and fibronexus. This early myofibroblastic stromal reaction 
around ducts of in situ carcinomas is not uniform in a given case but 
may change from one duct to another (Figure 6.17Aa€“B). 
Myofibroblasts have also been described in Squamous _intra-epithelial 
lesions of the uterine cervix, close to the basal lamina, in increasing 
numbers and intensity of staining 
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from low-grade to high-grade variants, using immunohistochemical 
techniques (264). 


Figure 6.13 Nodular fasciitis of the forearm. A. Histology 
illustrating highly vascularized spindle cell proliferation, derived 
from the subcutaneous fascia (arrows) (hematoxylin-phloxine- 
saffron). B. The majority of the spindle cells and vascular smooth 
muscle cells express |+-smooth muscle actin (VA cells). C. By 
ultrastructure, most of the stromal cells within the nodule 


correspond to typical myofibroblasts. (Uranyl acetate and lead 
citrate, A—6900.) 


Figure 6.14 Gross appearance of infiltrating ductal carcinoma of 
the breast and of infiltrating colon carcinoma. A. Note irregular 

stellate shape of the carcinoma and retraction of the cut surface 
and the nipple. B. The colon carcinoma features annular stenosis. 
The carcinoma invaded the pericolic fibroadipose tissue. 


Figure 6.15 In situ breast carcinoma. A. and B. Step-sections of 
in situ cribriform carcinoma, disclosing continuous layer of 
myoepithelial cells as revealed by immunostaining for {+-smooth 
muscle actin. Periductal stromal cells lack immunostaining for /+- 
smooth muscle actin (B). C. Step-sections of comedocarcinoma: 
Numerous periductal stromal cells disclose significant staining for 
f+-smooth muscle actin. D. In situ cribriform carcinoma with 
numerous periductal stromal cells stained for [+-smooth muscle 
actin. (A and Ca€“left part: hematoxylin-phloxine-saffron. ) 


Stromal cells with myofibroblastic features are notably absent or 
equivocally present within carcinomas lacking significant retraction 
and desmoplasia (Figure 6.18Aa€“C) (23). 


Myofibroblasts are not uniformly distributed within desmoplastic 
carcinomas. When their spatial relation to other components of 
breast carcinomas is analyzed, they are most numerous within the 
young mesenchymal stroma, areas corresponding to early stromal 
invasion, or, more consistently, in the peripheral invasive cellular 
front of mammary carcinomas (Figures 6.19Aa€“F, 6.20A) (23). In 
the central sclerotic area of such neoplasms, myofibroblasts are 
poorly-developed or absent; this possibly is a reflection of apoptosis 
(Figures 6.19Ga€“H, 6.20B) (23). Similarly, myofibroblasts are 
numerous in the cellular, edematous, and poorly collagenized stroma 
of other invasive and metastatic carcinomas (23). 


Three types of myofibroblastic stromal reactions are observed within 
infiltrating ductal mammary carcinomas: (a) precocious (Figure 
6.19Aa€“B), myofibroblasts precede the carcinoma cells by some 
distance into adjacent tissue; (b) synchronous (Figure 6.19Ca€“D), 
myofibroblasts appear spatially among the carcinoma cells; and (c) 
late (Figure 6.19Ea€“F), myofibroblasts are identified central to the 
peripheral invasive cellular front of the carcinoma cells (23). These 
three types of myofibroblastic stromal reactions are observed in 
different areas of the invading front of most infiltrating ductal 
carcinomas of the breast, the synchronous stromal reaction being 
usually predominant (23). When the collagenous matrix is analyzed, 
increased amounts of type III collagen are present within the young 
mesenchyme, areas with numerous myofibroblasts. In contrast, type 
| collagen is most prominent within the central sclerotic zone of 
breast carcinomas (106), areas in which myofibroblasts are replaced 
by fibroblasts (Figure 6.19GAa€“H) (22,23). 


P.144 
| | 


Figure 6.16 Ultrastructure of in situ ductal carcinoma of the 
breast. A. A continuous layer of myoepithelial cells (ME) and a 
continuous basal lamina (arrowheads) separate the carcinoma 
cells (C) from the surrounding stroma. The stromal fibroblast (F) 
discloses smooth cellular and nuclear contours; the cytoplasm is 
scant and devoid of bundles of microfilaments. B. 
Ultramicroinvasive ductal carcinoma. A carcinoma cell (C) 
protrudes with a cytoplasmic extension into the periductal stroma 
through a gap within the basal lamina (arrows). The periductal 
fibroblast reveals abundant cytoplasm and discloses aggregates 


of microfilaments with attenuated dense bodies (open arrows). 
(Uranyl acetate and lead citrate, A, A—11,250; B, A—13,500). 
(Source: 

SchAY%rch W, LagacA© R, Seemayer TA. Myofibroblastic stromal 
reactions in retracted scirrhous carcinomas of the breast. Surg 
Gynec Oncol 1982;154:351a€“358. 

) 
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Figure 6.17 A. and B. Ultrastructure of in situ ductal carcinoma 
of the breast. In situ carcinoma with periductal myofibroblasts 
with well-developed stress fibers (arrows) (uranyl acetate and 
lead citrate; A, A—7875; B, A—12,500). 


Figure 6.18 Oat-cell carcinoma of the lung. A. Histological 
aspect illustrating clusters of small neoplastic cells separated by 
small connective tissue septa (hematoxylin-phloxine-saffron). B. 
Stromal cells reveal no significant staining for Î+-smooth muscle 
actin (avidin-biotin- complex-peroxidase). C. Transmission 
electron micrograph illustrating neoplastic cells (C) with 
scattered electron-dense neurosecretory-type granules (arrows) 
in close proximity to a fibroblast (F) with a smooth, contoured 
nucleus devoid of microfilaments (uranyl acetate and lead citrate, 
A=10,300)- 
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Figure 6.19 Ductal-infiltrating carcinoma of the breast with 
stromal desmoplasia, step-sections stained with hematoxylin- 
phloxine-saffron and with antibodies to f+-smooth muscle actin. 
A. and B. Precocious stromal reaction; stromal cells precede 
carcinoma cells by some distance into the adjacent fatty tissue. 
The majority of these stromal cells express [+-smooth muscle 
actin (B). C. and D. Synchronous stromal reaction; stromal cells 
are distributed amongst the carcinoma cells. Most of these 
stromal cells express /+-smooth muscle actin (D). E. and F. Late 
stromal reaction; stromal cells appear central to the peripheral 
invasive front of carcinoma cells and express [+-smooth muscle 
actin (F). G. and H. Central sclerotic area of ductal-infiltrating 
carcinoma. Clusters of carcinoma cells are surrounded by thick 
bands of collagen (G). At the border of the invasive cellular front 
of the carcinoma, a decrease of the immunostaining of the 
stromal cells toward the central area (left to right side) is 
observed. (A, C, E and G, hematoxylin-phloxine-saffron; B, D, F, 
and H,  avidin-biotin-complex- peroxidase. ) 
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Figure 6.20 Ultrastructural aspect of ductal-infiltrating 
carcinoma of the breast. A. Peripheral invasive cellular front 
revealing numerous typical stromal myofibroblasts (MF) with 
notched nuclei and bundles of cytoplasmic microfilaments with 
dense bodies around neoplastic cells (C) adjacent to an acinus, 
which is in the lower right corner. Inset: Stromal myofibroblasts 
are joined by gap (arrow) and intermediate junctions (open 
arrow). (Source: 

SchAYarch W, Seemayer TA, LagacA© R, Gabbiani G. The 
intermediate filament cytoskeleton of myofibroblasts. Virchows 


Arch A 1984; 403:323a€“336. 

) B. Central sclerotic area illustrating stromal cells (F) with 
smooth contoured nuclei devoid of abundant cytoplasmic 
microfilaments and separated by thick bands of mature collagen 
around clusters of carcinoma cells(C). (Source: 

SchAY%rch W, Seemayer TA, LagacA© R. Stromal myofibroblasts 
in primary invasive and metastatic carcinomas. Virchows Arch A 
1981;391:125a€“139. 

) (Uranyl acetate and lead citrate, A, A—8400; inset, A—60,000; 
B, A—5000.) 
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Many pulmonary carcinomas, especially peripheral adenocarcinomas, 
are associated with some degree of scarring and are often associated 
with pleural retraction. If this process is pronounced, the term scar 
carcinoma is applied to these neoplasms. In 1962, Carroll (265) 
reported that the presence of elastic fibers and anthracotic pigment 
in scars suggested that they had been present prior to the 
development of the neoplasm. The more recent literature suggests 
that scarring represents a desmoplastic stromal reaction in response 
to neoplastic invasion rather than a preexistent condition. In favor of 
this latter interpretation is the presence of increased amounts of 
type III collagen within 
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pulmonary carcinomas with marked scarring (266), as is seen in 
early invasive zones of mammary carcinoma (104). In addition, the 
majority of stromal cells in scar carcinomas of the lung reveal 
ultrastructural features of myofibroblasts (267), suggesting that 
pulmonary carcinomas with scarring are neoplasms with a 
desmoplastic stromal reaction, analogous to many invasive and 
metastatic carcinomas elsewhere. 


Figure 6.21 Step-sections of peripheral invasive cellular front of 
ductal breast carcinoma revealing V, VA, VAD, and VA (D) M 
myofibroblasts. A. and B. Double immunofluorescent staining for 
[+-smooth muscle actin (A) and desmin (B). Stromal cells 
expressing |+-smooth muscle actin (VA cells) are more numerous 
than those expressing [+-smooth muscle actin and desmin (VAD 
cells). C. and D. Double immunofluorescent staining for Î+- 
smooth muscle actin (C) and smooth muscle myosin heavy chain 
(D). Stromal cells expressing [+-smooth muscle actin (VA cells) 
are slightly more numerous than those expressing smooth muscle 
myosin heavy chain [VA (D) M cells]. E. and F. Double 
immunofluorescent staining for desmin (E) and myosin heavy 
chain (F). Stromal cells expressing smooth muscle myosin heavy 


chain (VM cells) are far more numerous than those that express 
desmin [VA (D) M cells]. In conclusion, the peripheral invasive 
front of ductal breast carcinomas contains predominantly VA 
cells, followed by VA (D) M cells. 


Analysis of cytoskeletal proteins, including intermediate filaments, 
actin isoforms, and smooth muscle myosin heavy chains reveals 
phenotypic heterogeneity of stromal cells in invasive and metastatic 
carcinomas. Areas with numerous myofibroblasts, corresponding to 
early stromal invasion of breast carcinomas, contain a predominance 
of VA cells admixed with variable numbers of VAD, VA (D) M, and V 
cells (Figure 6.21Aa€“F), suggesting that certain stromal cells 
undergo a form of cytodifferentiation not too dissimilar from smooth 
muscle metaplasia (VA (D) M cells). In contrast, sclerotic areas 
disclose numerous V cells with occasional VA cells. No VAD and VA 
(D) M cells are observed (results not shown). 


Myofibroblasts have also been described in sarcomas where they 
generally constitute a small fraction of the cell population 
(268,269,270). They were identified in all cases of malignant fibrous 
histiocytomas and well-differentiated sclerosing liposarcomas (270). 
Though most numerous in areas of desmoplasia, in no instance did 
myofibroblasts constitute the dominant cellular constituent of either 
neoplasm (Figure 6.22) (270). Myofibroblasts have been identified 
with lesser frequency and in smaller numbers in fibrosarcoma, 
synovial sarcoma, malignant hemangiopericytoma, and 
neuroblastoma. No myofibroblasts were observed in a wide 
assortment of diverse sarcomas in which desmoplasia was not a 
feature. 


Figure 6.22 Malignant fibrous histiocytoma (storiform- 
pleomorphic type). A. Histological aspect illustrating spindle cell 
tumor with storiform pattern and isolated pleomorphic cells 
(hematoxylin-phloxine-saffron). B. Few spindle cells disclose 
immunostaining for f+-smooth muscle actin (avidin-biotin- 
complex-peroxidase). C. Transmission electron micrograph 
illustrating a typical myofibroblast (MF) with cytoplasmic bundle 
of microfilaments; the cell is partly enveloped by a basal lamina 
(arrows) (uranyl acetate and lead citrate, A—25,000). 


Myofibroblasts have been identified in nodular sclerosing Hodgkin's 
disease at the nodule-stromal interphase, which is usually heavily 
collagenized (271). These areas contain numerous VA and V cells 
with very occasional VAD cells (Figure 6.23). Whether this 
contributes to the relatively favorable prognosis of this variant of 


Hodgkin's disease is an open question. 


Neoplasms of Myofibroblasts: Benign and 
Malignant 


Finally, several reports describe myofibroblastic neoplasms. In our 
opinion, neoplastic transformation of the myofibroblast, in the 
extreme is possible (272) but certainly remains an uncommon event. 
The plethora of articles related to this matter, particularly in the 
mid- and late-1990s, stems from the criteria employed to define this 
cell. The 
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myofibroblast is presently defined solely at the ultrastructural level; 
its definition at the light microscopic and immunohistochemical levels 
is less precise and, on occasion, imprecise. A significant number of 
reports describe myofibroblastic neoplasms; some were considered 
as sarcomas (273,274,275,276,277,278,279), and many more were 
described as benign myofibroblastomas or tumors of similar 
character with an assortment of designations 
(280,281,282,283,284,285,286,287,288,289,290,291). 


Figure 6.23 Nodular sclerosing Hodgkin's disease. A. Gross 
aspect of cut surface of lymph node demonstrating nodules 
Surrounded by thick connective tissue septa (lymph node 
cirrhosis). (Courtesy of Dr. Roger Gareau, Department of 
Pathology, HA‘tel-Dieu Hospital, University of Montreal, 


Montreal, Quebec, Canada.) B. Histologic aspect illustrating 
nodules of atypical lymphoid nodules with some lacunar cells. 
The nodules are enveloped by dense collagenous containing 
numerous spindle cells (hematoxylin-phloxine-saffron). C. 
Several spindle cells around the nodule express Î+-smooth 
muscle actin (VA cells). D. Few spindle cells express desmin 
(VAD cells). All internodular stromal cells express antivimentin 
(results not shown). E. Transmission electron micrograph from 
internodular stroma illustrating numerous typical myofibroblasts 
(MF) with bundles of cytoplasmic microfilaments and dense 
bodies (arrows). (Uranyl acetate and lead citrate, A—5000.) 


The benign myofibroblastic proliferations are generally well- 
circumscribed lesions, contrary to the poorly circumscribed and often 
infiltrating quality of reactive and quasineoplastic proliferative 
conditions; for example, fibromatoses, nodular and proliferative 
fasciitis, and proliferative myositis, lesions replete with 
myofibroblasts. Although thought to be composed of myofibroblasts, 
most of the benign myofibroblastomas were not evaluated 
ultrastructurally; in the few cases for which this technique was 
employed, typical myofibroblasts were not found. For similar reasons 
one might cast a jaundiced eye on the presence of myofibroblasts in 
mammary myofibroblastomas (289,290), the palisaded 
myofibroblastoma, the intranodal hemorrhagic spindle-cell tumors 
with amianthoid fibers of lymph nodes (288,291), soft tissue 
myofibroblastomas (284), angiomyofibroblastomas of the vulva 
(281,282), angiomyofibroblastoma-like tumors of the male genital 
tract (285), meningeal myofibroblastomas (287), and pulmonary 
myofibroblastic tumors (280). Immunohistochemically, the 
proliferating cells composing the so-called myofibroblastomas and 
related neoplasms disclose heterogeneous’ cytoskeletal phenotypes, 
such as positive reaction for [+-smooth muscle actin and absence of 
reactivity for desmin in the palisaded myofibroblastoma (291) and 


intranodal hemorrhagic spindle-cell tumors of lymph nodes (288) and 
staining for desmin associated with a negative reaction for Î=- 
Smooth muscle actin in angiomyofibroblastoma of the vulva (281). 
The so-called myofibroblastomas and all other related neoplasms 
most likely represent myogenic stromal tumors, a designation 
proposed by BA@gin (292), possibly derived from myogenic stromal 
cells that have variable degrees of smooth muscle differentiation 
(rather than myofibroblastic neoplasms) because myofibroblasts, 
using strict ultrastructural criteria, either were not identified or were 
rare (Figure 6.24). 


Sarcomas composed entirely or partially of cells that disclose some 
degree of morphologic or immunohistochemical features of 
myofibroblasts but lack the typical ultrastructural traits of 
myofibroblasts could well belong to the group of myogenic sarcomas 
(63). One has to remember that for a cell to be classified as a 
myofibroblast it need not express [+-smooth muscle actin (134). In 
fact, whether or not a cell expresses /+-smooth muscle actin has no 
bearing on whether or not it is a myofibroblast. In our opinion, while 
myofibroblastic sarcomas may exist, they are rare and their 
identification requires electron microscopy (57,58). Finally, to 
conclude this controversial issue, it might be well to cite Juan Rosai 
(59): 


Cells with myofibroblastic (myoid) features can be 
found in a large number of benign and malignant 
soft tissue lesions, which means that we are in 
danger of creating a waste-basket category, just as 
large if not larger than that of malignant fibrous 
histiocytoma. Therefore, if there is to be a category 
of myofibroblastic tumors, it would be wise to 
reserve it for lesions that are composed almost 
entirely of cells having the hybrid features of 
myofibroblasts and which do not fit the criteria of 
already established entities. 


Now, a few words concerning inflammatory myofibroblastic tumor 
(IMT). In the 2002 World Health Organization (WHO) classification of 
soft tissue tumors, IMT is presented as a clinical/pathologic entity, 
albeit one that is genetically heterogeneous. Its synonyms are 
numerous: plasma cell granuloma, plasma cell pseudotumor, 
inflammatory myofibrohistiocytic proliferation, omental mesenteric 
myxoid hamartoma, inflammatory pseudotumor, and inflammatory 
fibrosarcoma. The entity appears to have emerged in a manner 
reminiscent of malignant fibrous histiocytoma (293). That this tumor 
discloses predominant myofibroblastic differentiation is questionable. 
Classically, these tumors present in the lung, mesentery, and 
omentum of children or adolescents and may be accompanied by 
fever, weight loss, fatigue, anemia, thrombocytosis, polyclonal 
hyperglobulinemia, and an elevated erythrocyte sedimentation rate 
(294). Histologic sections reveal a polymorphous mixture of cells, 
including spindle cells, plasma cells, lymphocytes, eosinophils, and 
occasional ganglion-like cells. The spindle cells in 50% of the tumors 
express cytoplasmic ALK protein, and this correlates with 
rearrangments of the ALK receptor tyrosine kinase gene at 2p23, as 
detected by fluorescent in situ hybridization (FISH). This genetic 
aberration is most commonly seen in pediatric IMT tumors but is not 
specific for the condition. In addition to anaplastic lymphoma kinase 
(ALK) expression, p80 is consistently expressed in IMT (295). Most of 
the tumors are biologically benign; however, up to 25% of the 
nonpulmonary tumors may recur and, in rare instances, the tumor 
may metastasize. 


Thus, in our opinion, most of the described myofibroblastic sarcomas 
described are not unequivocally composed of myofibroblasts. That 
said, we have to admit that a few conditions (particularly malignant 
neoplasms) composed of spindle cells disclosing ultrastructural 
features of myofibroblasts have been described, but they are rare 
(57,296). As for IMT, whether or not this is a specific entity in which 
the myofibroblast is the principal cell is an open question. 


Multiple Origins of the Myofibroblast 


Considering the many conditions in which myofibroblasts occur, their 
heterogeneous’ cytoskeletal composition, and 
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the various functions attributed to them, it seems difficult at first 
glance to assume a common origin for these cells. In 1867, 
Cohnheim (297) proposed the vascular theory, which states that 
leukocytes are transformed into fibroblasts during the process of 
wound healing. Several subsequent studies, however, provided 
evidence that granulation tissue fibroblasts arise rather from local 
connective tissue cells (298,299,300,301). As we shall see below, 
circulating leukocytes and resident tissue fibroblasts are now 
recognized as precursors to the myofibroblasts found in granulation 
tissue. 


Figure 6.24 Myofibroblastoma of a male breast. A. Gross 
appearance disclosing well-circumscribed bilobar tumor. B. 
Histologic aspect illustrating spindle cells with acidophilic 
cytoplasm and bland nuclei (hematoxylin-phloxine-saffron). C. 
and D. Intense immunostaining for [+-smooth muscle actin and 
desmin. E. Ultrastructural aspect disclosing discrete smooth 
muscle differentiation. Short bundle of microfilaments and 


segment of basal lamina (arrow). (Uranyl acetate and lead 
citrate, A—17,750.) 


Amongst connective tissue cells that could transform into 
myofibroblasts, any mesenchymal cell is a potential candidate: 
foremost is the fibroblast, followed by the pericyte and the smooth 
muscle cell (302). With the accumulated knowledge of cytoskeletal 
proteins and actin isoforms in these three cell types, both in vivo and 
in vitro, all of these cells could be considered as possible progenitors 
of myofibroblasts. 


Granulation tissue myofibroblasts are principally derived from local 
fibroblasts (25,260,303). Within experimental and human granulation 
tissues, myofibroblasts temporarily express a marker of smooth 
muscle differentiation, f+-smooth muscle actin, which disappears 
after wound closure (25). This suggests that differentiation of 
myofibroblasts toward smooth muscle cells is only partial, at least 
during normal wound healing, because myofibroblasts 
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in this condition never express desmin or smooth muscle myosin 
heavy chain isoforms. 


Recently, the cytoskeletal features of myofibroblasts during wound 
healing, Dupuytren's disease, and the stroma of mammary 
carcinomas were investigated. In these three conditions, 
myofibroblasts disclosed a progressive differentiation toward the 
smooth muscle phenotype (189). Whereas myofibroblasts during 
wound healing express only Î+-smooth muscle actin, myofibroblasts 
in Dupuytren's disease express smooth muscle myosin heavy chains, 
at least in some cases. An important proportion of myofibroblasts 
within the stroma of all cases of mammary carcinomas express, in 
addition to [+-smooth muscle actin, desmin and smooth muscle 
myosin heavy chain isoforms. This suggests that fibroblastic cells are 
capable of proceeding well along the lines of smooth muscle cell 
differentiation. However myofibroblasts have not been shown to 
express smoothelin (304,305,306), a terminal smooth muscle cell 
differentiation marker, in any of the pathologic states examined 
(305). Hence, smoothelin expression may be used as a discrimination 


marker between the two cells. 


Ultrastructural data provide evidence that during pathologic or 
culture conditions, fibroblasts and smooth muscle cells acquire 
morphologic features resembling myofibroblasts 
(87,307,308,309,310,311), Suggesting that both cell types might be 
progenitors of myofibroblasts. Indeed, an extensive study on the 
modulation of mesenchymal cells within the mammary gland stroma 
when placed in culture in a microenvironment mimicking conditions 
observed in vivo indicates that although most myofibroblasts are 
derived from fibroblasts, a certain proportion are derived from 
vascular smooth muscle cells and a lesser proportion from pericytes 
(312). With the caveat that it is difficult to extrapolate in vitro data 
to in vivo situations, this work supports the concept of a 
heterogeneous origin of myofibroblastic cells. 


A vascular origin of the myofibroblast was also proposed on the basis 
of morphologic observations. It was suggested that desmin-positive 
cells migrate from the wall of vessels to the tissue (257). A possible 
source of myofibroblasts expressing vimentin and desmin also are 
the stromal cells of various organs positive for desmin but negative 
for [+-smooth muscle actin (67,183,184,313). The possibility that 
myofibroblasts arise from specialized mesenchymal cells of certain 
organs has found a convincing confirmation in recent years. An 
abundant clinical and experimental literature has shown that, during 
the onset of experimental and human hepatic fibrosis and cirrhosis, 
perisinusoidal stellate cells of the liver are the most likely source of 
myofibroblastic cells (32,314,315,316). The conditions facilitating 
the modulation of perisinusoidal stellate cells into myofibroblasts 
have been studied, and extracellular matrix components and 
cytokines have been suggested as possible initiators 
(317,318,319,320,149). Similarly, glomerular mesangial cells have 
been shown to acquire myofibroblastic features, including the 
expression of [+-smooth muscle actin and collagen, in several 
experimental and human pathologic situations (33,229,321,322). 
Lung septal fibroblasts, which normally possess contractile features 


without expressing [+-smooth muscle actin (323), can be induced to 
express this protein and collagen type | mRNA upon pathologic 
stimuli, such as bleomycin treatment (324,29). 


Recently, advances have been made demonstrating that 
myofibroblasts can originate from circulating precursors and also be 
the product of epithelial-mesenchymal transitions. Buccala et al. (36) 
have identified a leukocyte subpopulation, named fibrocyte, with 
fibroblast-like properties. Peripheral blood fibrocytes can rapidly 
enter the site of injury at the same time as circulating inflammatory 
cells. It has been suggested that circulating fibrocytes may represent 
an important source of myofibroblasts during healing of extensive 
burn wounds, where it may be difficult for fibroblasts to migrate from 
the wound edge (37). This study has also shown that fibrocyte 
development is systematically elevated in burn patients. 
Furthermore, TGF-i21, which is elevated in the serum of burn 
patients (325), stimulates the modulation of peripheral blood 
mononuclear cells into collagen-producing cells, underlying the well- 
known role of this cytokine in the differentiation of the myofibroblast 
(326,27). It has been also shown that bone marrowa€“derived 
myofibroblasts contribute to the stroma reaction, at least in 
experimental situations (325). Another location in which fibrocytes 
contribute to myofibroblast population is the bronchial submucosa 
during the development of asthma (327). Epithelial- mesenchymal 
transition plays an important role in myofibroblast accumulation 
taking place in kidney interstitial fibrosis, the source of 
myofibroblasts being tubular epithelial cells, (34) and in dialysis- 
induced peritoneal fibrosis, the source of myofibroblasts being 
mesothelial cells (35). 


Thus, it appears that several cells, including fibroblasts, vascular 
smooth muscle cells, pericytes, perisinusoidal stellate cells in the 
liver, renal tubular epithelial cells, mesangial cells, bloodborne cells 
(fibrocytes), and mesothelial cells, can modulate (upon appropriate 
stimulation) into a myofibroblastic phenotype. It should be stressed, 
however, that the major source of myofibroblasts in whatever setting 


they appear is the resident fibroblast. 


Mechanisms of Myofibroblast Regression 


Granulation tissue formation involves the replication and migration of 
fibroblasts from normal tissues to the area of inflammation and the 
modulation of at least a proportion of them to the myofibroblastic 
phenotype. Angiogenesis takes place in a coordinated way, and 
granulation tissue acquires its typical features. When the wound 
closes, a gradual evolution toward scar tissue takes place that 
involves 
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the disappearance of vascular cells and myofibroblasts with a 
proportional increase of extracellular matrix components. This 
phenomenon, which ends with the establishment of a scar, is more or 
less rapid according to the species, the location of granulation tissue, 
and the type of inflammation (7). When granulation tissue cells are 
not eliminated, there is the development of pathologic scarring (i.e., 
hypertrophic scars and keloids), which are distinct clinical and 
pathologic conditions (232), both characterized by a relative high 
degree of cellularity. 
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Figure 6.25 Identification of apoptotic cells in rat tissues by in 
situ end labeling of fragmented DNA. A. Normal rat skin, no 


apoptotic cells are detected. B. Twelve-day-old wound tissue. C. 


Sixteen-day-old wound tissue. D. Twenty-day-old wound tissue. 
E. Twenty-five-day-old wound tissue. F. Thirty-day-old wound 

tissue. At 12 days, when {[+-smooth muscle actin expression is 
maximal, there is no nuclear staining for apoptotic cells; after 

this, the number of labeled cells increases, with a maximum at 
20 days (D). Thereafter (E and F), the number of labeled cells 

decreases. (Aa€“F, A—1000.) 


Recently, using several morphologic and biochemical techniques, 
has been shown that the reduction in cell number (myofibroblasts 


it 


and vascular cells) observed during the transition between 
granulation tissue and scar formation is achieved to a great extent 
through apoptosis (Figure 6.25) (31); whether the lack of apoptosis 
plays a role in the establishment of hypertrophic scar and keloid 
remains to be explored. It appears that apoptosis of granulation 
tissue cells takes place essentially after wound closure and affects 
myofibroblasts and vascular cells over a 
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period of time, rather than occurring as a single and massive wave of 
cellular apoptosis. This observation is in line with the gradual 
resorption of granulation tissue after wound closure and with the 
observation that dead cells are digested by macrophages and 
surrounding cells. It appears that granulation tissue cell apoptosis 
can be accelerated significantly by the application of a viable 
cutaneous flap (328). This observation underlines the importance of 
cell communication between normal connective tissue and 
granulation tissue. These reports suggest that, at least during normal 
wound healing, the process of myofibroblast differentiation generally 
ends with cell death; thus, myofibroblasts can be considered 
terminally differentiated cells. 


The question that remains to be answered is the stimulus that leads 
to apoptosis during wound healing. The loss of mechanical stress 
seems to be an important signal for differentiated myofibroblasts to 
de-differentiate and/or disappear. At the end of normal wound 
healing the extracellular matrix is reconstituted and assumes the 
mechanical load, thereby releasing embedded myofibroblasts from 
stress. Myofibroblast apoptosis has been induced by the stress- 
release of wound granulation tissue after removal of a flap coverage 
with splinting characteristics in vivo (329) and by the relaxation of 
attached collagen gels (330,331) in vitro. Fibroblasts in mechanically 
unrestrained floating versus anchored collagen matrices also show 
differences in cell proliferation and DNA synthesis. After contraction 
of floating collagen matrices there is a marked decline in DNA 
synthesis; the cell cycle becomes arrested and cell regression begins. 


In contrast, fibroblastic cells in anchored matrices continue to 
proliferate and to synthesize DNA. 


Recently gene products regulating cell death have been identified 
(332,333,334,335,336,337). In fibroblasts, the c-myc protein (338) 
and interleukin-1a€“converting enzyme, the mammalian homologue 
of the Caenorhabditis elegans gene ced-3 (339), have been shown to 
induce apoptosis. In turn, it has been shown that the bcl-2 protein is 
capable of blocking apoptosis (340); however, fibroblasts lack bcl-2 
expression, as assessed by antibody staining. A possible mechanism 
for apoptosis induction could be via the direct action and/or 
withdrawal of cytokines or growth factors (341,342,343). Several 
factors have been shown to increase the rate of wound healing, 
including platelet-derived growth factor (PDGF) (344), TGF-Î2 
(344,345,346), and tumor necrosis factor (TNF) (347). These factors 
may be present in the normal healing wound, released by platelets 
and inflammatory cells (348,349). It is probable that, as the wound 
heals and resolves, there is a decrease in the level of these factors. 
A possible explanation for the death of at least a subpopulation of 
myofibroblasts and vascular cells could be that they are growth- 
factor dependent. Alternatively, factors selectively causing the death 
of myofibroblasts and vascular cells might be liberated after 
epithelialization has been completed. Additional work is necessary to 
identify these hypothetical factors, but it appears that apoptosis is 
the mechanism through which vascular and myofibroblastic cells are 
gradually eliminated from normally healing granulation tissue. 


Concluding Remarks 


For this third edition, every section has been updated. In addition, 
several new topics have been added to reflect recent developments; 
additional photographs have been submitted; the reference list has 
been expanded. 


Since the 1971 discovery of the myofibroblast in granulating wounds, 
one cannot help but be fascinated with the subject as the body of 


knowledge related to this pivotal cell expands, largely through the 
contributions of cellular and molecular biology. 


It would appear that following induction of a large skin wound, 
resting fibroblasts are triggered through the effects of mechanical 
forces and possibly yet unknown cytokines released at the wound site 
to assume a protomyofibroblastic phenotype characterized by the 
presence of stress fibers that contain cytoplasmic actin isoforms. 
These cells continue to modulate and eventually assume a 
myofibroblastic phenotype characterized by {i+-smooth muscle actin 
incorporation into stress fibers and the formation of specialized 
a€cesupermaturea€* focal adhesions. This process is regulated by 
TGF-[21 and ED-A cellular fibronectin and results in connective tissue 
remodeling with an increase of extracellular matrix synthesis, 
collagen type III in particular, and tissue retraction (i.e., wound 
contraction). Recent studies strongly indicate that the forces 
generated by myofibroblast stress fibers produce isometric tension; 
this is different from the reversible contraction taking place in 
Smooth muscle cells and involves the Rho/Rho-kinase pathway, as 
well as regulated activity of myosin phosphatase. 


As wound healing approachs completion, genes that encode for 
apoptotic proteins are expressed to initiate myofibroblastic cell 
death; the formerly cellular wound is then converted into a poorly 
cellular scar. Commensurate with this, there is a shift from collagen 
type III to collagen type | gene expression and synthesis, resulting 
in the deposition of type | collagen that provides strength to the 
developing scar. Furthermore, cytokines that stimulate extracellular 
matrix synthesis early on are repressed once wound closure is 
completed and a functional basement membrane has been 
synthesized; this suggests the existence of a feedback loop (350). It 
is likely that deviations from this finely orchestrated process 
contribute to the development of hypertrophic scars and keloids. 


Regarding the diverse assortment of quasineoplastic myofibroblastic 
proliferative processes, the cellular/molecular mechanisms central to 


their pathogenesis remain essentially unexplored. 
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HEALING BACTERIAL ABSCESS MYOFIBROBLASTIC STROMAL REACTION 
IN INFILTRATING BREAST CARCINOMA 


Centrifugal stromal reaction 
A Centripetal stromal reaction B 


Figure 6.26 Schematic illustration of the stromal reaction. A. In 
a healing bacterial abscess, the cicatrizing layer is at the 
periphery, and the two layers containing myofibroblasts 
(exudativo-productive and exudative, respectively) are 
developing toward the center. B. In infiltrating ductal breast 
carcinoma, the cicatrizing area is in the center and 
myofibroblasts are disposed variably in the peripheral invasive 
cellular front of the carcinoma; precocious (preceding the 
invasive carcinoma cells), simultaneous (amongst the invasive 
carcinoma cells), and late (following the invasive carcinoma 
cells). In normal wound healing the stromal reaction is 
centripetal; whereas in invasive ductal breast carcinomas, the 
stromal reaction is centrifugal, indicating that cancers are 
wounds that do not heal. 


Turning to the myofibroblastic response associated with diverse 
invasive and metastatic carcinomas, it was originally proposed that 


this represented an expression of host response to the cancer. The 
hypothesis appears valid today, although one could posit whether 
this is beneficial since many of these cancers, despite the attending 
desmoplasia, continue to exact lives. Yet, death, in these settings, 
stems largely from the ability of the neoplastic cell to enter vascular 
channels and disseminate. It remains possible that these 
myofibroblasts, while affecting contraction and elaborating collagens 
and other extracellular matrix components, also release enzymes 
that permit tissue and vascular invasion. Recently, the mechanisms 
regulating the cross talk between tumor cells and stroma 
myofibroblasts have started to be clarified (351). Thus, it appears 
that the concomitant production of growth factors and/or cytokines 
(such as TGF-i?, hepatocyte growth factor, or stromal cella€“derived 
factor-1) and synthesis of extracellular matrix components (such as 
tenascin) by stromal myofibroblasts stimulates the invasive activity 
of malignant epithelial cells (352,353,354). If one considers that 
during development connective tissue remodeling plays an important 
role in epithelial morphogenesis (353), it is possible to conceive that 
cross talk between stroma and epithelium regulates both physiologic 
and pathologic epithelial organization. Clearly, future studies of 
human cancer should focus not only on the neoplastic cell, but also 
on the regulation of extracellular matrix synthesis and the cell-to- 
extracellular matrix interactions of tumors (i.e., the stroma). 


Twenty-four years ago (22), we proposed that similarities might exist 
between the process of wound healing and the stromal response to 
neoplastic invasion. This assumption may also be extended to 
quasineoplastic proliferative conditions (e.g., Dupuytren's disease). 
During normal wound healing and within nodules of Dupuytren's 
disease and possibly other quasineoplastic proliferations, the 
myofibroblastic/fibroblastic reaction appears to be centripetal (Figure 
6.26A), whereas within neoplastic invasion this reaction is centrifugal 
(Figure 6.26B), indicating that cancers are wounds that do not heal 
(355). The underlying cellular/molecular mechanisms explaining 
these fundamental differences, including the presence, delay, or 


absence of apoptosis, remain to be explored. 


Finally, we conclude, as in the 1997 edition, with a most intriguing 
report uncovered in a literature search of TGF-i2. It would appear 
that fetal skin wounds in a murine model heal without scarring; such 
wounds, apart from that contained in platelets, are devoid of TGF-I2 
(356). Once again, one is reminded of the lessons to be learned by 
study of the events of early life. 
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7 
Adipose Tissue 


John S.J. Brooks 
Patricia M. Perosio 


Introduction 


In compiling this chapter, our intention was to provide practicing 
surgical pathologists with both a description of normal and abnormal 
adipose tissue and a reference source. We were inclusive in our 
approach and considered all bodily lesions containing mature fat 
appropriate for discussion regardless of site. The section on 
development should provide a deeper understanding for the 
diagnostician and a starting point for the researcher. Collected and 
detailed as a group are the fatty infiltrations of organs, the 
inflammations affecting fat, the hamartomas and mesenchymomas, 
and the lipomas and variants thereof. Up-to-date definitions are 
provided where necessary. Importantly, we have also summarized 
clinical and genetic syndromes in which fat cells may participate. 
Unusual but distinctive histologies are enumerated, such as may 
occur in starvation, pancreatic fat necrosis, and true lipodystrophy. 
All topics are well-referenced, hopefully providing the reader with a 
valuable resource. In short, we have attempted to describe 
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as many lesions as possible, not just primary fatty entities, but also 


anything extraneous within adipose tissue or confused with it. 


White Fat 


Prenatal Development 


The morphology of developing adipose tissue has been studied in 
detail. By examining serial sections obtained from 805 human fetuses 
of various ages, Poissonnet et al. (1) have determined that prior to 
the second trimester of pregnancy, adipose tissue primordia cannot 
be identified by light microscopy. After 14 weeks’ gestation, 
aggregates of mesenchymal cells are seen condensed around 
proliferating primitive blood vessels. They refer to these findings as 
stage II in the development of adipose tissue (Figure 7.1). Prior to 
this time, future adipose tissue is characterized by loose spindle cells 
and ground substance (stage |). Later on, capillaries continue to 
proliferate into a rich network, around which preadipocytes become 
stellate and organized into a mesenchymal lobule (stage III). These 
preadipocytes do not contain lipid. With further development, fine 
lipid vacuoles characteristic of stage IV accumulate within cytoplasm 
(Figure 7.2). Continued proliferation of the components of the lobule 
results in the formation of densely packed aggregates of vacuolated 
fat cells with a rich capillary vascular network. Finally, condensation 
of perilobular mesenchyme at the periphery of the lobule results in 
formation of fibrous interlobular septa in stage V. This process occurs 
over the 10-week period between the 14- and 24-week gestation 
period. From approximately 24 to 29 weeks, the number of fat 
lobules is relatively constant. Continued growth occurs mainly due to 
proliferation of capillaries and adipocytes, causing an increase in the 
size of the fat lobules (Figure 7.2). 


Figure 7.1 Developmental stages of adipose tissue. Stage l: 
Stellate cells (stippled) embedded in amorphous ground 
substance. Stage Il: As angiogenesis begins, mesenchymal cells 
(stippled) condense around the blood vessels (bold ovals). Stage 
Ill: A rich capillary network develops from each vessel, forming a 
glomerulus-like network around which each lobule forms. The 
preadipocytes become more stellate. Stage IV: With 
accumulation of lipid, these adipocytes, with multiple small lipid 
droplets, become closely packed around the capillaries. Stage V: 
Further accumulation of lipid with many unilocular cells (clear 
circles) is evident. The perilobular mesenchyme condenses into 
interlobular septa at this stage. 


The same sequence of development of adipose tissue occurs at all 


sites throughout the body (2). The earliest white fat lobules appear 
first in the face, neck, breast, and abdominal wall at 14 weeks' 
gestation. By 15 weeks, they are also evident over the back and 
shoulders. Development in the upper and lower extremities and 
anterior chest begins around the sixteenth week. By the end of the 
twenty-third week, a layer of subcutaneous fat completely covers the 
extremities. 


There is a very close association of adipocyte development and 
angiogenesis. Fat appears first in well-vascularized regions, such as 
the shoulder joint, before differentiation can be identified in the less 
well-supplied adjacent subcutaneous tissue. There is also an 
important physiologic significance to this close anatomic relationship. 
Lipoprotein lipase, the hormone responsible for transfer of 
triglyceride from circulating lipoproteins to adipose tissue, is 
synthesized by adipocytes and transferred to the luminal surface of 
the capillary endothelium (3). Thus, this close spatial relationship 
provides efficient transfer of enzyme and lipid. 


Because of this close developmental association of capillaries and 
adipocytes, some have proposed that the adipocyte precursor, or 
preadipocyte, actually is derived from endothelial cells (4). Others 
have felt the preadipocyte may be a perivascular reticulum cell, 
perivascular fibroblast-like cell, or undifferentiated mesenchymal 
cell. The presumptive adipocyte precursor has been characterized 
ultrastructurally in the newborn rat (5). The preadipocyte is 
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a spindle cell with four to five cytoplasmic extensions along its long 
axis and abundant rough endoplasmic reticulum (ER). Lipid 
accumulates first as small droplets adjacent to the nucleus. As more 
lipid appears, it coalesces into a single large vacuole, and the cell 
takes on an oval then, finally, a round shape. The amount of rough 
ER decreases as the cell matures. Although cell shape and abundance 
of rough ER were taken as supportive evidence for the common 
origin of the preadipocyte and the fibroblast, which has a similar 
ultrastructural appearance, these similarities may have been a 


coincidence. The immature adipocyte needs to synthesize and 
excrete lipoprotein lipasea€”thus the abundant rough ER. Fibroblasts 
synthesizing and secreting procollagen would be expected to have a 
similar array of organelles. 


Figure 7.2 Fetal fat. A. Fat lobules from a 25-week fetus with a 
myxoid quality and prominent vasculature. B. At high power, 
both univacuolated and multivacuolated cells are noted together 
with small capillaries. C. and D. By 37 weeks, the lobules are 
more developed (C) and many of the cells are univacuolated (D). 


As the preadipocyte accumulates lipid to become an adipocyte, both 


multilocular and unilocular adipocytes can be seen. Multilocular 
adipocytes predominate at first. With further lipid accumulation, 
more cells assume the unilocular appearance characteristic of mature 
adipocytes. Thus, attempts to differentiate brown from white 
adipocyte tissue at the light microscopic level, which rely on the 
presence of multivacuolated cells to characterize and identify brown 
fat, are not reliable. Reliance on ultrastructural and biochemical 
differences helps to distinguish between these different forms of 
adipose tissue. 


Molecular Biology 


Through work on the adipocytic neoplasm known as myxoid 
liposarcoma (MLS), at least one gene involved in adipocytic 
differentiation has been identified. The translocation 
t(12;16)(q13;p11) of that tumor disrupts the normal function of the 
CHOP gene found at 12q13. First, the CHOP gene was shown to be 
rearranged in nearly all MLS (6), and, subsequently, the actual 
breakpoint was cloned (7,8). The CHOP gene, also known as 
GADD153, encodes a member of the CCAAT/enhancer binding protein 
(C/EBP) family and has a DNA binding domain. It appears to be 
involved in normal adipocyte differentiation because the protein it 
produces may be a dominant inhibitor of other C/EBP transcription 
factors known to be important in cell proliferation (9). Members of 
this C/EBP group are highly expressed in fat and are involved in the 
differentiation of fibroblasts into adipocytes and in the growth arrest 
of terminally differentiated adipocytes (6). CHOP itself is 
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induced in the differentiation of 3T3-L1 cells to adipocytes. In the 
neoplasm, the translocation results in a fusion gene involving CHOP 
and TLS (translocated in liposarcoma), an RNA binding gene with 
much similarity structurally and functionally to the EWS gene of 
Ewing's sarcoma. Presumably, the lack of the normal inhibitory 
function of an intact CHOP gene allows the fatty tumor to proliferate 
unchecked. The use of both Southern blots and fluorescent in situ 


hybridation (FISH) techniques in detecting the rearranged gene will 
have usefulness in the diagnosis of fatty tumors. Likewise, when it 

becomes commercially available, antibody to the CHOP protein might 
be used immunohistochemically to detect such tumors. 


Apoptosis, or programmed cell death, probably occurs in adipocytic 
tissues, but studies localizing the bcl-2 protein in human fetal tissues 
fail to mention its detection in fat (10). 


Postnatal Development 


At birth, the average-size infant has approximately 5 billion 
adipocytes (11). This represents only 16% of the total number of 
adipocytes in adults. Adipose tissue continues to grow in parallel with 
general growth throughout the first 10 years of life. Fat cells enlarge 
significantly during the first six months of life without much increase 
in cell number (12). Until puberty, the cell size remains fairly 
constant while the number of adipocytes progressively increases. At 
puberty, there is a substantial increase in adipocyte size and number 
(12). Although at the end of puberty, the total number of adipocytes 
is similar to the adult, new adipocytes may continue to form 
throughout life (13). Studies on adult rats have shown that 
overfeeding results in proliferation of adipocyte precursors and 
development of new fat cells (14). De novo adipocyte formation can 
be triggered by overdistension of existing fat cells and the mass of 
stored triglycerides (15). Loss of fat cells may also occur and has 
been shown in overweight women following several years of strict 
dietary restriction (16). 


Gender Differences 


The differences in body fat content noted between men and women 
begins in early childhood. Young girls are fatter than boys. Studies 
on fetuses, however, have not noted differences in the pattern of 

distribution or quantity of fat in prenatal life (1). The distribution of 


adipose tissue, however, even in prenatal life is not homogeneous 
throughout the body. Gender differences in the distribution of 
adipose tissue following puberty are well-known and thought to be 
related to steroid hormone secretion (12). In humans, estrogens and 
progesterone induce an increase in trochanteric fat. The localization 
of more fat in the lower body in women results in the so-called 
gynecoid habitus. These same deposits are reduced by androgens in 
men, resulting in an android distribution of fat. The percentage of 
body fat also differs in men and women. Males reach a peak in body 
fat content during early adolescence, whereas women continue to 
accumulate fat relative to body weight throughout the teen years. 


Functions 


White adipose tissue is the body's largest energy store, and it 
possesses the enzymes necessary for the uptake and release of 
triglycerides. Briefly, triglycerides circulate in the blood in the form 
of chylomicrons from the intestine and very low density lipoproteins 
from the liver (17). Lipoprotein lipase present on the luminal surface 
of endothelial cells hydrolyzes the triglyceride to release free fatty 
acids. This enzyme is synthesized by adipocytes and transferred to 
the endothelial cells. Most of the free fatty acids are taken up by the 
fat cells and reesterified to glycerol phosphate within the adipocyte 
to form triacylglycerol, which is then stored within the cell's lipid 
droplet. The fat is mobilized through the action of hormone-sensitive 
lipase, which hydrolyzes stored triglycerides. The released free fatty 
acids may be reesterified or released to the circulation and bound to 
albumin for transfer to other cells. 


Until recently the main endocrine function of adipose tissue was 
thought to be the conversion of androstenedione to estrone, the 
major source of estrogen in men and postmenopausal women. The 
aromatase action, however, has been localized to the stromal cell 
fraction of adipose tissue and not the adipocyte (18). More recently a 
dynamic role of adipose tissue has emerged with expression of 


several hormones, growth factors, and cytokines identified in 
adipocytes, stromal cells, and macrophages that are localized to 
adipose tissue. These include leptin, a regulator of energy 
expenditure and appetite; interleukin-6, which may play a role in the 
metabolic syndrome; and several important regulators of glucose and 
lipid metabolism, the complement cascade, and the fibrinolytic 
system. 


Leptin, the protein product of theob gene, is synthesized exclusively 
by adipocytes and acts on the hypothalamus to increase energy 
expenditure and decrease appetite (19). This pathway is well- 
established in rats. In humans, fasting lowers serum leptin levels and 
increases appetite (20). Unfortunately elevated or rising levels of 
leptin do not show the reverse effect, and leptin has not been shown 
to have an anti-obesity action in humans. The majority of obese 
individuals have elevated serum leptin levels, proportional to the 
amount of adipose tissue, and it is postulated that humans are leptin 
resistant (21). Leptin receptors are present on most tissues, and 
leptin may play a role outside the adipose tissue to accelerate wound 
healing, increase vascular tone, and inhibit bone formation (22). 


Cytokines are secreted by adipocytes, stromal cells, and resident 
macrophages. Interleukin-6 (IL-6) is made by adipocytes and 
macrophages, and adipose tissue accounts for approximately 30% of 
circulating IL-6 in humans (23). 
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Like leptin, serum IL-6 levels are highly correlated with percent body 
fat. The IL-6 released from intra-abdominal stores enters the portal 
circulation. Hepatic triglyceride secretion is stimulated by IL-6, and 
this may contribute to the hypertriglyceridemia seen with visceral 
Obesity (22). Interleukin-6 also stimulates hepatic secretion of acute 
phase reactants, increases platelet number and activity, and 
increases expression of endothelial adhesion molecules. There are 
ongoing investigations of the role this cytokine (which is derived in 
large part from adipose tissue) plays in the metabolic syndrome and 
the risk of cardiovascular disease in obesity. 


Adipocytes also secrete C3 and adipsin, the proteins of the alternate 
complement pathway (24). Plasminogen activator inhibitor-1 (PAI-1) 
is a potent inhibitor of the fibrinolytic system and favors the 
development of thromboemboli. Insulin induces expression of PAI-1 
by adipocytes, and elevated levels are seen with obesity (25). 


Regulation 


White adipose tissue contains numerous receptors for hormones, 
cytokines, catecholamines, and lipoproteins. Catecholamines acting 
through {+-2 receptors inhibit lipolysis, and a predominance of Î=+-2 
receptors in gluteal fat of women is thought to impact maintenance 
of these fat stores despite weight loss (17). Regional differences in 
lipoprotein lipase levels (LPL) also occur in women. Gluteal fat in 
premenopausal women tends to have high LPL levels, and these 
regions contain larger fat cells. Such regional differences disappear 
after menopause and are not present in obese men (26,27). This 
suggests that the sex steroids also play a role in adipose tissue 
distribution and activity. Both androgens and estrogen modulate ob 
gene expression and control adipose tissue development (28,29). 
Androgens are antiadipogenic and estrogens proadipogenic. These 
may play a role in the regional differences in fat distribution and the 
development of the android and gynecoid patterns of obesity. 


Insulin stimulates lipogenesis and glucose uptake while inhibiting fat 
breakdown. Insulin and glucocorticoids stimulate DNA synthesis in 
cultured human adipocytes and conversion of preadipocytes to 
mature adipocytes. These effects are enhanced on cells obtained 
from obese, as compared to lean, people. Estradiol-17i2, has also 
been shown to stimulate division of cultured preadipocytes obtained 
from both men and women. Progesterone acts in vitro to stimulate 
both preadipocyte division and LPL activity (30). This dual role 
facilitates triglyceride accumulation in women. Fibroblast growth 
factor 1, secreted by adipose-derived microvascular endothelial cells, 
stimulates preadipocyte differentiation and acculumlation of 


triglycerides (31). 


Tumor necrosis factor alpha (TNF-i+) and IL-6 have the opposite 
effect and are implicated along with leptin in the weight loss and 
anorexia of chronic wasting illnesses and cancer (32,33). TNF-i+ is 
expressed in preadipocytes and acts to block differentiation to 
mature adipocytes through CCAAT/enhancer binding protein alpha 
(C/EBP-i+) (34). It also suppresses lipoprotein lipase and stimulates 
the mobilization of fatty acids. The TNF-Î+ induces the release of IL- 
6 and leptin from adipose tissue, and the action of these cytokines is 
closely interrelated. 


In addition to adipocyte function, fat cell size and number are also 
regulated. Numerous studies using tritiated thymidine incorporation 
as a marker for cell division in adipose tissue have been done in rats 
to identify mitotically active cells within fat. Mature lipid-laden 
adipocytes are generally considered to be incapable of cell 
differentiation because of the absence of mitotic figures seen 
histologically in normal adipose tissue. Sampling fat from rats 
injected with tritiated thymidine at 1 day and 3 days of age, which 
are then sacrificed at various times up to 5 months of age, has 
shown that the number of labeled cells in subcutaneous fat initially 
rises due to cell proliferation. The concentration of radioactivity then 
falls, probably as a result of a dilutional effect resulting from 
continued cell division (35). This study, however, failed to distinguish 
adipocyte from stromal labeling. Similar studies had been performed 
on rats in which the subcutaneous tissue is separated into stromal 
and adipose components. In one study, the specific radioactivity of 
the adipocyte fraction did not increase until two to five days after 
injection (36). Thus, they concluded that DNA synthesis occurs in 
nonlipid-laden cells or preadipocytes. As these cells accumulate lipid, 
labeled cells are detected within the adipocyte fraction. 


Gross Aspects 


Fatty tissue is typically a homogeneous, bright cadmium-like yellow, 


with a glistening and greasy surface texture, and finely divided by 
faint septa. Any variation in color indicates a pathologic process: 
white to white/yellow in fat necrosis, paler yellows in many lipomas, 
reddish tinge to orange/yellow in angiolipoma, definite gray/white to 
whitish streaks in spindle cell lipoma, and white/yellow to white 
nodules in liposarcoma. 


Histology 


Microscopically, a mature white fat cell is spherical and measures up 
to 120Aum in diameter (37). The cytoplasm is compressed at the 
perimeter of the cell, and only a thin rim of cell membrane is evident 
on hematoxylin-eosin (H&E)a€“stained sections. Reticulin and 
periodic acid-Schiff (PAS) stains highlight the adipocyte basement 
membrane (Figure 7.3). The cytoplasm is displaced by a single lipid 
vacuole, and the cells are fairly uniform in size (Figure 7.4). The 
nucleus, although oval, is thin and small with finely distributed 
chromatin; when seen in profile, a central minute clear vacuole may 
be seen within the nucleus (Figure 7.4). Normal subcutaneous fat is 
finely divided into ill-defined lobules by thin bands of collagen 
(Figure 7.5). 
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Figure 7.3 Normal adult adipocyte. A. On a reticulin stain, each 
adipocyte is outlined by reticulin (arrow), which is present 
outside the cytoplasm. B. The same is true on PAS stain, where 
the basement membrane is highlighted (arrows) and 
encompasses the pale residue of cytoplasm remaining after 
fixation and embedding. 


Figure 7.4 A. At medium power the size of subcutaneous 
adipocytes appears relatively uniform. B. At high power, pale 
areas represent portions of basement membrane and cytoplasm 
cut on the bias. Nuclei of capillary endothelial cells are present at 
intersections between multiple cells. C. In contrast to other 


nuclei, an ideal section of an adipocyte nucleus shows a pale 
character due to its thin nature and the common central vacuole, 
or a€oeLocherne.a€* The wrinkled cell outlines are an artifact 
occasionally seen, the result of improper fixation. 
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Figure 7.5 Adult subcutaneous fat lobule with associated 
microvasculature; note the thin and delicate fibrous tissue septa. 


Ultrastructure 


The ultrastructure of developing adipocytes has previously been 
discussed. In brief, a spindle shape with abundant endoplasmic 
reticulum and small spherical mitochondria characterizes 
preadipocytes (37). Lipid accumulates as small perinuclear inclusions 
that coalesce to form larger lipid droplets. The mitochondria become 
filamentous and the endoplasmic reticulum less prominent. In a 
mature adipocyte, the nucleus is flattened against the cytoplasmic 
membrane by a large lipid droplet. There is only a thin, tenuous rim 
of cytoplasm that surrounds it. Pinocytotic vesicles are seen in 
variable numbers but are very numerous following periods of 
starvation. Adjacent to the cell membrane are deposits of basement 
membrane. Capillaries are closely opposed to the adipocyte 
basement membrane. Only rarely have nerves been identified 
adjacent to white fat cells, although they may be seen in intercellular 
collagenous septa. 


Brown Fat 


Prenatal Development 


The development of brown adipose tissue has been studied in animal 
models. The brown adipocyte precursors are spindle cells closely 
related to a network of capillaries (38). As the cells and vessels 
proliferate, they are organized into lobules by connective tissue 
septa. As the cells accumulate lipid, they initially are unilocular. 
However, with further lipid accumulation, multiple cytoplasmic lipid 
vacuoles appear. As in white fat, the close association of developing 
adipocytes and blood vessels has led some to speculate that 
adipocytes actually develop from endothelial cells. Although similar 
ultrastructural features are cited as supportive evidence of theory, 
more recent investigations have attributed these similarities to a 
common origin from undifferentiated mesenchyme. In fact, 
ultrastructural and biochemical studies that have examined 
developing brown adipose tissue have shown that unique features 


such as large mitochondria and a unique mitochondrial protein are 
found early in development and distinguish brown from white fat. 


Fetal necropsy studies have identified lobules of developing brown fat 
in the human fetus (39). The largest of these are from the posterior 
cervical, axillary, suprailiac, and perirenal regions. Those in the neck 
and axillae are closely associated with the major blood vessels of 
these regions in such a way that they extend along the course of the 
cervical blood vessels into the root of the neck. The suprailiac 
collections lie deep to the abdominal muscles, yet superficial to the 
peritoneum, and invest the anterior abdominal wall to the diaphragm. 
Intermediate-sized brown fat pads are seen in the interscapular 
paralateral trapezius and deltoid regions. Small collections are 
evident in the intercostal area. In this study, no difference was noted 
in distribution between the sexes or among the races. The amount of 
brown fat increases in proportion to growth throughout life. Deposits 
are well-established by the fifth month of gestation. 


Postnatal Development 


The presence of brown fat beyond the neonatal period in humans has 
been debated. An autopsy study by Heaton (40), however, has 
identified lobules of brown fat throughout life to the eighth decade. 
Brown fat is most widely distributed in young children and, over the 
next several decades, gradually disappears from most sites. In 
children under age 10, identifiable deposits of brown fat were 
identified in the interscapular region, around the neck vessels and 
muscles, around the structures of the mediastinum, and adjacent to 
the lung hila. Intra-abdominal and retroperitoneal deposits were 
noted around the kidneys, pancreas, spleen, mesocolon, and 
omentum, as well as in the anterior abdominal wall. The extremities 
were not sampled. Although brown fat disappeared from most areas, 
it was found to persist around the kidneys, adrenals, and aorta and 
within the mediastinum and neck throughout adult life. As in fetal 
life, no difference in distribution based on gender was noted. 
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Function 


The main function of brown adipose tissue is heat production. It has 
been estimated that the maximal aerobic capacity per gram of tissue 
is almost 10 times that of skeletal muscle (41). It has been 
estimated that even in humans the small quantities of brown fat 
present are capable of raising heat production by over 20% (42). The 
production of heat is closely related to the active sympathetic 
innervation of brown fat and stimulation by norepinephrine. Release 
of norepinephrine results in the production of cyclic adenosine 
monophosphate (AMP) and lipolysis to release free fatty acids (43). 
These undergo oxidation within the mitochondria to produce 
adenosine triphosphate (ATP). Brown fat mitochondria contain a 
unique uncoupling protein, also known as thermogenin, which 
uncouples the oxidation of fatty acids from generation of ATP 
(44,45). The resultant energy is dissipated as heat. In small rodents 
and hibernating animals, brown fat is activated by cold temperatures 
to produce heat, resulting in what is known as nonshivering 
thermogenesis. Teleologically, this would be useful in those at risk 
for hypothermia. Thus, neonates, unable to alter the external 
environment in order to maintain body temperature, would be 
expected to have relatively more active brown fat than adults. In 
addition, brown fat accumulation and activation may play a role in 
weight regulation. Experimentally overfed rats show a compensatory 
increase in brown fat activation in metabolic rate, minimizing weight 
gain (46). Many types of obesity in laboratory mice and rats are 
related to defective regulation of brown adipose tissue, including that 
seen in ob/ob mice (47). In contrast, exaggerated leanness may be 
associated with excessive brown adipose tissue responsiveness to 
external factors, such as sympathetic stimulation. Although brown 
adipose tissue is present in humans, its role in weight regulation, 
obesity, and thermal regulation in adults remains controversial (48). 
Increased amounts of periadrenal brown fat in malnourished people 


at autopsy suggest a compensatory increase in nonshivering 
thermogenesis to maintain body temperature in those with 
diminished subcutaneous fat and cachexia (49). 


Regulation 


Unlike white fat, brown fat is highly innervated and regulated by 
sympathetic stimulation. Nerves enter each lobe and branch within 
the interlobular septa, running along the vessels to terminate on the 
fat cells (50). Brown fat cells have numerous [21- and {[22- 
adrenoreceptors that regulate lipolysis and thermogenesis (43). The 
[+-adrenoreceptors, although present, probably do not act directly in 
heat production. Norepinephrine also may act to increase the number 
and character of brown fat cells. Using continuous infusions of 
norepinephrine, Mory et al. (51) have shown that such chronic 
sympathetic stimulation results in increased cellularity, increased 
protein content, and increased mitochondrial density in brown fat. 
Because of this close association of sympathetic activity and brown 
fat activity, several investigators have used pheochromocytoma as a 
model to study brown fat activities in humans. These studies have 
provided evidence supportive of early autopsy studies. Functional 
brown adipose tissue was identified in adults with 
pheochromocytomas that had similar biochemical features to the 
better-characterized brown adipose tissue of rodents (52). 


Hormones also play a role in brown fat regulation, but it is minor in 
comparison to the sympathetic system. Thyroid hormone, although 
active in regulating metabolic rate, has little importance in diet- 
induced or nonshivering thermogenesis (43). Insulin stimulates 
glucose intake into brown adipose tissue. Both cortisol and gonadal 
steroid hormones inhibit thermogenesis, thus promoting energy 
conservation. 


Histology 


The term brown fat was applied to this tissue because of its 
characteristic gross appearance. It is incorrect to refer to it as 
a€cefetala€* fat because it is present throughout life. The abundant 
vascularity and numerous mitochondria within the cells impart a 
characteristic reddish-brown color to the tissue. Brown fat has a 
glandular lobulated appearance. This is in contrast to the more 
diffuse growth pattern of white fat. Histologically, brown fat is 
organized into lobules of cells that are made up of adipocytes, 
capillaries, nerves, and connective tissue. These are surrounded by a 
thin, fibrous capsule containing blood vessels, nerves, and scattered 
white adipose cells (53). The cells are polygonal in shape, with a 
mixture of multivacuolated and univacuolated cells (Figure 7.6). The 
occurrence of both cell types is emphasized, and 
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their presence in developing white fat initially confused studies on its 
origin. The multivacuolated cell, characteristic of brown fat, has a 
highly granular cytoplasm with numerous lipid inclusions. Its granular 
appearance is due to the numerous mitochondria necessary for 
thermogenesis. The nucleus is spherical and often centrally located, 
although a large lipid inclusion may displace it toward the periphery 
of the cell or, rarely, to the extreme perimeter (as in white fat). 
Small nucleoli are common. The unilobular cells are indistinguishable 
histologically from the mature signet-ring cella€“type white 
adipocytes but are different ultrastructurally. On average, the size of 
the brown fat cells is smaller than white adipocytes, approximately 
25 to 40 Âum. In animals that hibernate, marked seasonal variation 
in cell size has been noted. Both exposure to cold and starvation 
result in lipid depletion, causing reduction in cell size and wrinkling 
of the cell membrane. 
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Figure 7.6 Normal adult brown fat. Nearly all cells have centrally 
placed nuclei and multivacuolated cytoplasm. Rare cells (top left) 
are nonvacuolated. An arborizing thin capillary network is noted. 


Brown adipose cells are surrounded by a network of collagen fibers 
that contain numerous minute nerve axons and blood vessels. 
Nonmyelinated axons terminate on the fat cells, providing an avenue 
for direct sympathetic regulation. The vascularity is quite prominent 
with numerous capillaries coursing between the adipocytes. It is 
estimated in rats that the vascularity of brown fat is four to six times 
greater than that of white fat (53). 


Histochemistry 
Enzyme Histochemistry 


In development, enzyme histochemistry within developing adipocytes 
is related to the stage of adipocyte differentiation. In fact, in some 


systems, such as the rat, it is clear that enzymatic differentiation of 
adipocytes precedes morphologic differentiation (54,55). In regions 
destined to become adipose tissue, undifferentiated morphology is 
initially present without a capillary bed and without any enzymatic 
Capacity. Subsequently, immature cells or what can be termed 
a€cepreadipocytesa€* exist in the form of spindle cells within an 
area containing a capillary bed. These cells lack any lipid or a basal 
lamina and have a large complement of enzymatic activity; but they 
lack the capability to release fat as a result of the absence of 
esterase (lipase). In mature lobules, adipocytes in the form of 
rounded cells now contain lipid, a basal lamina, and a well-developed 
capillary bed; the entire complement of enzymatic activity is present, 
including NADH-tetrazolium reductase, ADPH-tetrazolium reductase, 
and glucose 6-phosphate dehydrogenase (G6PDH). Malate 
dehydrogenase (NADP) activity is acquired only by late-stage 
adipocytes (54). Hausman and Thomas (54) demonstrated the 
presence of such enzymatic differentiation before the assumption of 
an obviously rounded cell shape consistent with an adipocyte. 


Lipoprotein lipase is an enzyme found at high concentration in fatty 
tissues. It is involved in the transport of serum triglycerides into 
adipocytes in the form of fatty acids. However, it can be found in 
other tissues such as skeletal muscles (56,57) and cardiac muscle 
(58), where it may be localized to endothelial cells. Concentration in 
fat is directly related to the serum insulin concentration. 


Lipid Histochemistry 


Lipids in adipose tissue are generally identified using various stains, 
such as oil red O and Sudan IV (59,60,61,62,63,64,65). It should be 
noted that lipids are lost in formaldehyde after prolonged fixation, 
and, thus, cases to be tested using frozen cryostat sections of fixed 
material should be obtained as soon as possible. Of the two time- 
honored lipid stains mentioned, oil red O gives the more intense 
stain and is more rapid to perform. Sudan black B may stain nonlipid 


Substances (such as coagulated proteins) nonspecifically. As a rule, 
neutral fats are detected using these fat stains. However, a 
differential staining pattern between neutral fats and fatty acid 
components and phospholipids can be obtained with the Nile blue 
sulfate stain (66); with this stain, neutral fat stains pink to red, and 
fatty acids and phospholipids stain bluish. The lipid composition of 
fatty tissues may also be investigated using new techniques such as 
the hot-stage polarizing-light microscopic method (67). 


The normal composition of lipid in white adipose tissue consists of 
99% triglyceride in the form of neutral fat and less than 1% in the 
form of phospholipid, cholesterol, and fatty acids (53). In less- 
differentiated adipocytes, such as those found in liposarcomas, there 
is a shift away from neutral fat to phospholipids and cholesterol (66). 
Unfortunately, lipid stains appear to have little use in the everyday 
examination of adipocyte lesions. The droplets seen on the stains 
may represent nonspecific staining, and a variety of other 
mesenchymal lesions may contain lipid (64). An exception is the 
distinction between lesions with artificial vacuoles, such as 
epithelioid smooth muscle lesions, which are negative with fat stains. 


Intracellular Lipid in Nonadipocytes 


Lipid may accumulate in a variety of other cell types and in 
nonadipocytic tumors. 


Steatosis 


According to Stedman's Medical Dictionary (68), steatosis has two 
main meanings: adiposis and fatty degeneration (e.g., steatosis 
cordis = fatty degeneration of heart). These terms (and the terms 
used in a variety of pathology texts) are unclear, and the distinction 
between intracellular lipid accumulation and adipocyte infiltration of 
organs is not 
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made. When nonadipocytes store lipid intracellularly, the phrase lipid 


accumulation is accurate; in the liver, the term steatosis is used; 
and, in major pathology texts (69,70), the term appears to be 
applied solely to the hepatocyte. However, intracytoplasmic lipid can 
be found within other solid organs, such as the heart [in the 
myocardial fibers in hypoxia (69)] and the kidney [in the renal tubule 
in diabetes, poisonings, Reye's syndrome (71)]. Theoretically, there 
is no reason why these processes cannot be referred to as 
myocardial or renal tubular steatosis. Regardless, in referring to 
intracellular lipid accumulation, terms such as lipid accumulation or 
steatosis are preferable to unclear and archaic designations, such as 
adiposis or fatty degeneration. Discussion of adipocyte infiltration of 
organs is found later (see the section entitled Syndromes Associated 
With Fatty Lesions (including Lipomatosis). 


Lipid accumulation may occur in the placenta after prolonged 
parenteral nutrition; there, it takes the form of foamy vacuoles 
within the syncytial and Hofbauer cells of the chorionic villi (72). 


Aside from adipocytes, lipid in the form of cholesterol and cholesterol 
esters may be identified in cells with a steroid-producing function in 
organs, such as the adrenal, ovary, and testis (and tumors thereof). 
In addition, other types of lipid are found within a variety of tumors. 
In practice, it is generally thought that a lipid stain (e.g., oil red O) 
can aid in the differential diagnosis of certain tumors. For example, it 
is well-known that renal cell carcinomas typically contain lipid (73), 
and most pathologists have the impression that many other tumors 
do not. However, it is clear from studies four decades ago (74) that 
fat stains are positive in the majority of cancers (Table 7.1). Thus, 
there are problems with the use of the fat stain in the diagnosis of 
carcinoma, and caution should be exercised in interpretation. 
Furthermore, although some clear cell lesions in the differential 
diagnosis of renal cancer contain glycogen (benign sugar tumor of 
lung) (75), others such as xanthoma of bone (76) contain lipida€”and 
thus a fat stain is of no assistance. 


Table 7.1 Oil Red Oa€“Positive Carcinomas? 


Squamous cell carcinoma Ovarian carcinoma 
Gastric carcinoma Breast carcinoma 
Lung carcinomas Prostatic carcinoma 
Renal cell carcinoma Thyroid carcinoma 
Lymphoma, large cell Myeloma 


a For the majority of cancer types, a high percentage of the 
tumors listed showed a positive reaction. 

Source: Elizalde N, Korman S. Cytochemical studies of 
glycogen, neutral mucopolysaccharides, and fat in malignant 
tissues. Cancer 1968;21:1061a€“1068. 


Immunohistochemistry 


Currently, there is no commercially available specific 
immunohistochemical marker for adipose tissue. However, an 
adipocyte lipid-binding protein, p422 or aP2, is a protein expressed 
exclusively in preadipocytes late in adipogenesis. Preliminary studies 
with an antibody to aP2 demonstrate that it stains only lipoblasts and 
brown fat cells and is capable of identifying liposarcomas selectively 
(77). This may be quite useful diagnostically in the future. 


Adipocytes and tumors thereof stain positively for vimentin; and, in 
our experience, adipocytic tumors have been negative for 


cytokeratin, desmin, and muscle-specific actin. In 1983, Michetti et 
al. (78) were the first to describe S-100 immunoreactivity in 
adipocytes, specifically of rat origin. The S-100 protein was extracted 
and shown to be identical to that found in the rat brain. 
Ultrastructurally, S-100 reactivity was widely dispersed within 
adipocyte cytoplasm but was not found within mitochondria, lipid 
droplets, or most of the endoplasmic reticulum. In a similar 
ultrastructural study, Haimoto et al. (79) identified S-100 protein in 
the plasma membranes, in membranes of microvesicles, and within 
polysomes. The Golgi apparatus was negative for this marker, 
although some reactivity was found within the rough endoplasmic 
reticulum. During the process of lipolysis in fat cells, Haimoto et al. 
(79) noted a change in the distribution of S-100 antigen and 
suggested that S-100 protein molecules interact with free fatty acids, 
indicating that this protein may act as a carrier protein for free fatty 
acids. 


The S-100 protein is a highly acidic calcium-binding protein of 
molecular weight 21,000. It consists of two polypeptide chains (i+ 
and [2) and may occur as dimers in three ways: S-100a (i+, [2), S- 
100b (i2, 12), or S-100a0o (i+, i+) (80). When fat cells have been 
analyzed, they have been shown to contain only S-100b (i? form), 
like Schwann cells (80,81). In the routine practice of 
immunohistochemistry, adipose tissue reacts in a variable fashion 
(Figure 7.7), accounting for some negative reactions observed by 
Kahn et al. (82). Although lipomas and liposarcomas are reported to 
be frequently positive with S-100 (83,84,85,86), in our experience, 
this has not been true. Regardless of fixation with formalin or Bouin's 
solution, very few liposarcomas have exhibited S-100 
immunoreactivity. 


Adipocytic lesions do not stain with antibodies to neuron-specific 
enolase (87). 


Obesity 


Human obesity is thought to be approximately 60% genetic in origin, 
with multiple genetic and environmental factors involved (88). The 
role of brown adipose tissue (BAT) was briefly alluded to earlier, and 
new research continues to underscore its importance. For example, 
in transgenic mice engineered to lack BAT, obesity develops routinely 
(89). In 
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mice, the genetics of obesity are more clear than in humans. A team 
at the Rockefeller University led by Dr. Friedman first reported the 
identification of theob mouse gene and showed that mutations of it 
are associated with the development of obesity (90). These same 
researchers have located the human counterpart (OB gene) (90) and 
mapped its location to chromosome 7 (91). The human protein 
produced by this gene has 84% homology with the mouse protein, 
appears to be a hormone secreted by adipose tissue, and likely 
functions as part of a pathway to regulate body fat. If, indeed, a 
defective hormone is responsible for some forms of obesity, then 
there is an immediate therapy available in the form of fully intact 
native hormone. In 1995, several research groups (92,93,94) have 
shown that injection of the ob protein into mice causes the animals 
to lose weight and maintain their weight loss. Even obesity due to a 
nongenetic defect like excess diet fat is corrected by the ob protein, 
now called leptin. 


Figure 7.7 S-100 immunohistochemistry. Reactivity is seen both 
in the nuclei and in the cytoplasm surrounding the lipid droplets. 
Such S-100a€“positive results appear to vary considerably from 
case to case, probably reflecting fixation differences. 


Finally, the receptor for this protein has been identified recently and 
shown to be nonfunctional in obese animals (95). Clearly, there have 
been major advances constituting a breakthrough in obesity 
research, and the fruits of this research should affect human therapy 
soon. 


Adipocyte Lesions 


Terminology 


In contrast to other human tissue cell types, the terms hypertrophy 
and hyperplasia are not usually applied to the adipocyte. It is 
stressed here, however, that adipocyte hypertrophy (or increased fat 
cell size) is a recognized phenomenon and is found, for example, in 
obesity. Enlarged, or hypertrophic, fat cells (>120 Aum or so) can 
also be identified in neoplasia (lipoma and liposarcoma) where cells 


appear to have three or four times the normal diameter (e.g., >300 
Aum). Hyperplasia (or an increased number of adipocytes), in 
contrast to widespread belief, is a definite occurrence. Again, it is 
common in obese patients, but it may also be seen in organ-based 
infiltrations; these are a type of site-specific adipocyte hyperplastic 
processes. Mature adipocytes are incapable of regeneration, and new 
fat cells are added through in situ mesenchymal cell differentiation 
recruited from primitive perivascular cells. No disease or change 
involving adipocytes can appropriately be termed a degeneration (as 
mentioned earlier), other than liquefaction with necrosis. Atrophy of 
adipocytes may be seen in malnutrition, starvation, or as the effect 
of chemotherapy (see the section entitled Atrophy). The appearance 
of mature fat cells as small foci in unusual places is termed 
metaplasia and is discussed in a later section. Localized new growths 
of either pure adipocytes or mixtures of adipocytes in other tissue 
constitute neoplasia and are presumably clonal entities. 


Degeneration 


In the condition sclerema adiposum neonatorum, the subcutaneous 
fat is grossly and microscopically abnormal. Rubbery plaques are due 
to fat necrosis and degenerative individual fat cells with intracellular 
needie-shaped crystals (96). This fat crystallization is brown and can 
be highlighted by polarization. Such crystals apparently may also be 
identified in up to 30% of stillbirths as a general degeneration 
following intrauterine demise (96). In another disease, Neu Laxova 
syndrome, a defect in lipid metabolism causes a lardlike appearance 
to the adipose tissue and is lethal. 


Atrophy 


The changes in fat lobules during starvation or malnutrition are 
particularly noticeable in the subcutaneous region or the omentum. 
Individual fat cells are reduced in size and fat content, and those 
without much lipid take on a rounded or epithelioid appearance (97). 


In the extreme, lobules of these epithelioid cells can simulate tumor 
nodules histologically (Figure 7.8). The cytoplasm is variable in 
amount and is eosinophilic or granular with or without small lipid 
vacuoles of differing size, depending on the severity of the 
malnutrition. Some cells have a multivacuolated appearance. The 
intervening region between cells is constituted by homogeneous 
eosinophilic or amphophilic myxoid ground substance (Figure 7.8) 
that is probably an extract of serum, although stimulation of 
proteoglycan matrix by the process of starvation (98) is possible. As 
part of this involution process, lipofuscin is deposited within the 
Shrinking cells (Figure 7.8). Importantly, each lobule retains its 
overall oval shape, although markedly reduced in size and 
considerably separated from other lobules (Figure 7.8). In extreme 
cachexia, only streaks of tissue remain. 
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Figure 7.8 A. The extreme atrophy seen here in the omentum of 
a patient with anorexia nervosa may mimic tumor deposits. B. At 
high power, shrunken eosinophilic cells are seen with occasional 
vacuoles and lipofuscin pigment. C. In less severe starvation, 
these omental adipocytes are well-recognized, although much 
smaller than normal size; again, note the presence of pigment. 
D. In the skin, severe cachexia secondary to a cancer resulted in 
marked involution of the cutaneous fat lobules, which appear 
only as elongated streaks. 


Nearly identical changes can also be seen in the white adipose tissue 
of fasted animals. As the cells gradually lose their lipid, the single 
lipid droplet breaks up into multiple vacuoles. Gradually, all lipid 


disappears. These cells become small and ovoid in shape, sometimes 
measuring only 15 Aum in diameter (99). There is an apparent 
expansion of pericellular collagen in such a way that these cells 
appear as clusters of mesenchymal cells in fibrous stroma. 
Ultrastructurally, multiple pinocytotic vesicles are seen clustered 
along the entire cell membrane (53). Lipid is not seen within these 
vesicles, and their significance is unknown. 


In the bone marrow, chemotherapy causes changes referred to as 
serous atrophy or gelatinous transformation (100,101). The majority 
of the fat cells have been destroyed, leaving scattered adipocytes of 
varying size remaining. No lobular appearance is present in the 
marrow, but the interstitial compartment is composed of the same 
eosinophilic myxoid substance described previously, again probably 
consisting of serum fluid and proteins. Droplets of lipid scattered 
about are also found and, upon regeneration, may appear as foci of 
lipogranulomas. 


Although the microscopic features of the starvation effect on human 
brown fat have not been described, animals maintained on a 
dextrose-thiamine diet are known to show distinct morphologic 
changes in brown fat (37). The mitochondria are disrupted and large, 
irregular electron-dense inclusions are seen within the mitochondrial 
matrix. The cristae may assume a mosaic pattern with 
compartmentalization of the material. These cells revert to normal 
after 24 hours of a normal diet. Similar changes in white fat 
mitochondria have not been seen with starvation, Suggesting that the 
active mitochondria of brown fat are particularly labile and sensitive 
to dietary changes. 


Figure 7.9 Accentuated fat lobules in ischemia of the lower 
extremity. Loose myxoid connective tissue widens the septa 
between lobules; edema and a mild inflammatory infiltrate are 
present. 
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Cellulite 


The term cellulite is applied to the external skin when it exhibits 
linear depressed streaks (mattress phenomenon) or frank dimpling. 
Cellulite is typically found on the thigh and buttocks and is more 
common in females; it can be divided into incipient cellulite and full- 
blown cellulite. The former results from an uneven undersurface of 
the dermal-hypodermal interface, with fibrous tissue surrounding the 
protruding papillae adiposa; vertical fibrous strands of uneven 
thickness divide the hypodermal fat (102). In contrast, full-blown 


cellulite consists of a delicate meshwork of collagen fibers produced 
by increased hypodermal pressure of fat accumulation and increasing 
fat volume. Scattered CD34+ fibroblasts are seen in both forms of 
cellulite. Unlike women, men have a more smooth, strand-free 
dermal interface in the thigh and buttock areas (102). 


Ischemia 


Little is written about the effect of ischemia on the adipocyte. We 
have observed changes in the subcutaneous fat of legs removed for 
atherosclerotic vascular disease. They consist of accentuation of the 
lobular architecture by thickening of the fibrous septa; wider and 
more myxoid in quality, the septa are edematous and also contain 
scattered inflammatory cells (Figure 7.9). Actual necrosis was not 
observed. 


Metaplasia 


As surgical pathologists, we most frequently encounter adipocytic 
metaplasia, usually calcified, in cardiac valves (Figure 7.10). There is 
little in the literature or textbooks on this phenomenon. The 
emergence of mature adipose tissue seems to parallel the 
appearance of osteoblasts forming bone within the calcific deposits. 
Once adipose tissue is present, bone marrow precursors may become 
resident, presumably from circulating cells, and cause hematopoiesis. 
Metaplasia is not limited to this site and may be encountered in 
calcified large vessels or elsewhere, such as in laryngeal cartilage 
undergoing ossification. We have even seen it in small ossified 
bronchioles. A similar phenomenon of hematopoiesis without adipose 
tissue and bone has been reported within acoustic neuromas (103). 


Figure 7.10 Fatty metaplasia of cardiac valve. Mature adipocytes 
are found in a myxoid background but are more commonly seen 
in association with calcification or ossification. 


Lipodystrophy 

Although there are several different entities referred to in the past 
under this name, some (idiopathic intestinal lipodystrophy, or 
Whipple's disease) are infectious and others (mesenteric 
lipodystrophy; see section entitled Mesenteritis) are inflammatory 
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disorders without fundamental changes in the fat cells themselves. 
The one example of a true lipodystrophy is called membranous 
lipodystrophy, a relatively new clinical entity characterized by 
abnormal fat cells, bone cysts with pathologic fractures, and 
leukodystrophy of the brain (104,105,106). The marrow fat is 
particularly affected (104), but the da€cemembranocystica€* lesions 
are also present to a lesser degree in the subcutaneous adipose 
tissue (106). The characteristic and pathognomonic finding is the 
highly shrivelled, undulating outline of individual fat cell membranes, 
giving them hyalin eosinophilic convolutions or da€cearabesque 
profiles.a€* Multiple small cysts are found, apparently formed by 
fusion of ruptured adipocytes. Young adults are affected in Japan and 
Finland primarily, but five cases have been seen in the United States 
(105). Its etiology and pathogenesis are unknown; it is probably 
related to an enzyme deficiency (104). A secondary form of 
membranous lipodystrophy has been described in association with 
lupus erythematosus and morphea profunda (107). Interestingly, the 
membranous changes in fat characteristic of lipodystrophy can also 
be seen in normal fat affected by radiation therapy (108). 


Adipocytes in Organs 


Fatty Infiltration 


As distinct from lipid accumulation or steatosis (See section entitled 
Steatosis), fatty infiltration is defined as the presence of mature 
adipose tissue in sites not normally containing fat. This is a disorder 
or condition relating to adipocyte cell growth and, therefore, the 
term fatty degeneration is a misnomer and incorrect. In some 
situations, such as within extremity muscle groups, the process of 
fatty infiltration is often related to atrophy of the involved site (109). 
This association between fatty infiltration and atrophy or involution is 
also noted in other organs [thymus (110), bone marrow (111), and 
kidney (112)], and apparently signifies the propensity for adipocytes 


to fill a vacuum, in a sense, left by atrophic processes (97). 
Whatever the stimulus may be, the adipocytes probably arise from 
pleuripotent mesenchymal cells adjacent to blood vessels (97). The 
reversal of this relationship is found in the parathyroid gland, where 
there is an inverse relationship between parenchymal cells and 
adipocytes, to the point where no adipocytes are present in complete 
parathyroid hyperplasia. 


Nonatrophic organs can also accumulate fat cells (lipomatosis), and 
the classic examples are the heart and pancreas (69). In these 
locations, no parenchymal damage is discerned, and the process is a 
type of accidental lipogenesis (97). In the case of the pancreas, 
normal parenchymal histology and function are present even though 
the pancreas may be nearly invisible grossly (69,113). This type of 
pancreatic lipomatosis is correlated with age and obesity and also 
occurs in diabetics (113). The amount of pancreatic tissue is thought 
to be either completely normal (69) or partially depleted (113). 
However, true pancreatic atrophy with resultant lipomatosis also 
exists aS a rare condition known as Schwachman syndrome (113) 
[see Table 7.2 in section entitled Syndromes Associated with Fatty 
Lesions (Including Lipomatosis)]. Fatty infiltration of the heart is 
most often an innocuous condition with no effect on the myocardial 
fiber or cardiac function (69). However, there are rare exceptions in 
which severe adipocity has resulted in cardiac rupture (97). Another 
clinically important lesion is termed lipomatous hypertrophy of the 
interatrial septum (114), a focal enlargement that may cause sudden 
death, arrhythmias, or congestive failure (115,116). Be mindful that 
the occasional appearance of fat in endocardial biopsies in no way 
indicates cardiac perforation (117). 


Isolated fat cells can be found within lymph nodes in childhood, but 
enlarged nodes with prominent fatty infiltration mainly occur in 
adults, particularly in obesity (118). Common in the abdomen and 
retroperitoneum, such a€celipolymph nodesa€* can be mistaken for 
lipomas (118) or be interpreted as positive in a lymphangiogram for 
lymphoma or Hodgkin's disease (personal observation), mimicking 


lymphoma relapse (119). Rarely, a lipoma or angiomyolipoma occurs 
in the liver (120), but those lesions should not be confused with the 
hepatic pseudolipoma (121). This pseudolipoma is often found as a 

bulge on the surface of the liver and probably represents capture of 
previously detached appendices epiploicae. In the mouth, fat is one 

of the components contributing to macroglossia in certain conditions 
(122). 


The Ito cells of the liver are fat-containing cells along the sinuses 
and are a variation on normal histology (123); they may become 
prominent in the condition known as lipopeliosis (124) and may be 
involved in the benign neoplasm called spongiotic pericytoma (125). 


Fat Biopsy for Amyloid 


It is becoming increasingly popular to perform a subcutaneous fat 

biopsy for the diagnosis of amyloidosis. In such instances, the Congo 
red stain may reveal amyloid around blood vessels and, occasionally, 
between adipocytes (126,127,128). This procedure is at least as 

sensitive as the rectal biopsy (128), can identify up to 84% of cases 
(127), can be combined with other studies to determine amyloid type 
(126), and is a safe and innocuous way to make the diagnosis (127). 
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Biopsy analysis of adipose tissue may become important in the 
future, to assess a given individual's storage content of toxic 
chemicals. A variety of industrial and environmental hydrocarbons 
are stored predominantly in fat, and subcutaneous adipose tissue 
deposits may be analyzed and results correlated with the 
development of diseases such as neoplasia. 


Inflammations 


Fat Necrosis 


Three histologically distinct types of fat necrosis exist: the ordinary 


variety secondary to trauma and other inflammation, that associated 
with pancreatitis, and infarction of fat. Histologically, ordinary fat 
necrosis is typified by the presence of epithelioid histiocytes, foamy 
macrophages, and giant cells in adipose tissue, often surrounding 
and isolating individual adipocytes (Figure 7.11). Lymphocytes and 
plasma cells are also found in small numbers. Occasionally, unusual 
crystalloids may be seen (129). Fat cells become destroyed, and the 
released lipid may fuse to result in a single droplet larger than the 
average cell or in minute droplets. This process may resolve with 
mild fibrosis or, if extensive, may cause cyst formation with eventual 
dense fibrosis and even calcification at the periphery. Such cysts with 
central liquefaction may be located on the buttocks and be the final 
result of trauma, secondary to an injection. Just beneath the cyst 
wall, necrotic outlines of adipocytes are usually present, signifying 
the origin of the end-stage cyst in fat necrosis. 


An unusual type of fat necrosis forming cystic spaces has been 
designated membranous fat necrosis by Poppiti et al. (130). In this 
example, actual cysts are formed that contain pseudopapillary 
structures and central debris. Although the fat cell outlines are 
normal in appearance, the formation of these cysts resembles that 
seen in membranous lipodystrophy. Membranous fat necrosis can 
also occur secondary to radiation therapy (108). 


Figure 7.11 Fat necrosis, ordinary type. Multinucleated 
histiocytic giant cells surround a large lipid vacuole formed by 
fusion of destroyed adipocytes. Scattered lymphocytes and 
monocytes occupy expanded spaces between cells at top. 


Figure 7.12 Fat necrosis, pancreatic type. In contrast to regular 
fat necrosis, numerous neutrophils are found, together with 
central liquefaction. The central material may give either an 
eosinophilic or basophilic appearance, and disrupted cell 
membranes can be appreciated. 


Fat necrosis secondary to acute pancreatitis is histologically 
distinctive (Figure 7.12). Rather than consisting of a histiocytic 
infiltrate, the pancreatic fat necrosis is accompanied by an infiltrate 
of neutrophils predominantly, and liquefaction of fat is apparent 
(131,132). In the center of the lesion, the infarctlike outlines of fat 
cells can be seen, and fat cell membranes are ruptured, releasing 


their contents into a central eosinophilic or basophilic material. The 
entire region is bordered by an acute inflammatory infiltrate. The 
process is thought to be secondary to the action of pancreatic 
lipolytic enzymes in the serum acting on susceptible foci. 


The infarction type of fat necrosis, in which eosinophilic outlines of 
fat cells without nuclei or inflammation are present histologically, 
may be seen in lipomas and in detached peritoneal tissue originating 
from appendices epiploicae. The lipomas containing infarction may be 
pedunculated with twisting, causing compromise of blood flow. 
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Calciphylaxis 


Another disorder that often manifests itself as skin and subcutaneous 
fat necrosis is called calciphylaxis; here, the characteristic vascular 
necrosis with calcium precipitation will aid in the diagnosis (133). It 
is a painful and often lethal complication of dialysis and renal failure 
(134). Small vessels (including arterioles in the fat) show mural 
calcification and necrosis, along with thrombosis and necrosis of 
Surrounding tissues. In some cases, an association with primary 
hyperparathyroidism has been reported (135). 


Panniculitis 


Numerous diseases and conditions may cause an_ inflammatory 
infiltrate of the subcutaneous adipose tissue, namely, a panniculitis; 
readers are referred to a variety of textbooks on skin pathology for 
an in-depth enumeration of these. Only a few relevant points are 
made here. First, the condition called Weber-Christian disease, or 
febrile nodular nonsuppurative panniculitis of the subcutaneous fat, 
was described early in this century and is consistently referred to in 
discussions of this topic. However, it became clear in the 1960s and 
1970s that this disease was not a clinically distinct entity, but rather 
had many separate etiologies, including steroid withdrawal, diabetes 


mellitus, tuberculosis, pancreatic disease, and systemic lupus 
erythematosus (136). Thus, it is generally agreed today that Weber- 
Christian a€ocediseasea€* was a clinical description of a presentation 
for numerous diseases and is a term to be avoided (137). 


Panniculitis, as a rule, can be divided into those that are septal and 
those that involve the lobules of adipose tissue (137). The character 
of the infiltrate is important, and note should be made of the 
presence of eosinophils (138), neutrophils and granulomas (139), 
histiocytes with lymphophagocytosis (140), or other specific changes 
(141). Autoimmune diseases such as scleroderma (142) and lupus 
(143) may be causative, indicating the importance of historical 
detail. Unusual causes, such as Î+ 1-antitrypsin deficiency (137), 
have a characteristic histology, as does pancreatic fat necrosis 
(described in other texts). Even withdrawal from steroids may cause 
a panniculitis (144). 


Mesenteritis 


Inflammation of the mesenteric fat is a recognizable clinical entity 
that has more recently been termed mesenteric panniculitis to signify 
the active inflammatory stage and retractile mesenteritis to signify 
the fibrotic stage (145). Other terms complicate the literature, but it 
is generally held that they all refer to the same disease process and 
spectrum: liposclerotic mesenteritis, sclerosing mesenteritis, 
mesenteric lipodystrophy (ML), and Weber-Christian disease of the 
mesentery [see recent review by Kelly and Hwang (146)]. 


The process consists of a chronic inflammatory infiltrate of 
lymphocytes, plasma cells, foamy histiocytes, and giant cells, along 
with recognizable fat necrosis, edema, and a variable amount of 
fibrosis and calcification. Myofibroblasts proliferate and are directly 
involved in the pathogenesis of the retractile disease (146). While it 
most often thickens the mesentery (type 1 ML), it can appear as a 
single tumefaction at the mesenteric base (type 2 ML) or as multiple 
discrete nodules (type 3 ML) (147). Other space-occupying lesions, 


such as inflammatory pseudotumors, xanthogranulomatosis (see 
below), and fibromatosis, are in the differential diagnosis (119). 
Affected patients are usually middle-aged and predominantly male, 
and they complain of vague abdominal discomfort and weight loss, 
with over one-half presenting with fever. Nearly one-half of them 
are, oddly enough, asymptomatic (146). Rare cases have been fatal, 
but the prognosis is generally excellent. Mass lesions regress within 
2 years in about two-thirds of the patients, and any pain disappears 
in three-quarters of them (145). Steroids are commonly given to 
treat the disease, but it is unclear whether the course of the disease 
or the progression to fibrosis is changed (145). 


Retroperitoneal xanthogranulomatosis can be due to a primary 
inflammatory process of the kidney, or it can represent involvement 
of the retroperitoneum by the mesenteritis. Many foamy histiocytes 
and lymphocytes are seen. Rarely, it can be associated with Erdheim- 
Chester disease (multisystem fibroxanthomas with bone pain and 
sclerotic bone lesions) (148). 


Lipogranuloma 


Small collections of epithelioid histiocytes with lipid droplets are 
commonly encountered in lymph nodes, draining the gastrointestinal 
tract (mesenteric, porta hepatis, retroperitoneal), and in the liver, 
spleen, and bone marrow. They do not imply a pancreatitis (in which 
necrosis should be present) or other pathologic process and are 
completely incidental. 


Tumors and Tumorlike Lesions 


Brown Fat Lesions 


Hibernoma 


The only pathologic lesion of brown fat known to date is the 


hibernoma, the neoplastic counterpart given its name by Gery (149). 
Although many of the cells in the hibernoma are multivacuolated, 
some cells lack vacuoles completely and are eosinophilic and granular 
in appearance. Both of these cell types have a centrally placed 
nucleus. Importantly, univacuolated cells with peripherally placed 
nuclei 

Patel 
resembling white adipocytes can be identified, as they can in normal 
brown fat (149,150). The red-brown color of a hibernoma is the 
result of the increased vascularity in numerous mitochondria. The 
ultrastructure of hibernoma is similar to brown fat (151); and, 
indeed, when cellular organelles are compared, the ultrastructure 
Suggested to a number of authors (149,150) is that brown fat and 
white fat are two distinct tissues, with different ultrastructural 
features. 


Concerning location, many hibernomas arise in sites corresponding to 
the distribution of normal brown fata€”interscapular area, neck, 
mediastinum, and axilla (149); other cases have been reported in the 
abdominal wall, thigh, and popliteal space (149), all sites considered 
devoid of brown fat (152). Generally medium-sized tumors (5 to 10 
cm), hibernomas may obtain a huge dimension [23 cm (153)] and 
are often present for years prior to excision. The tumors typically 
occur in young adults with a median age of 26 years, much younger 
than patients with ordinary lipoma (149). Interestingly, endocrine 
activity has been noted within these tumors, with steroid hormones 
(including cortisol and testosterone) detected (154). Hibernomas do 
not recur, but whether malignant hibernomas exist has been a 
controversial topic. A case having atypical mitoses and bizarre nuclei 
was reported by Enterline et al. (155), and a similar case with 
ultrastructural features was documented by Teplitz et al. (156). 


White Fat Lesions 


Adipose Tissue within Nonfatty Lesions 


Almost any malignant tumor may invade and incorporate mature fat 
cells. Occasionally, however, the presence of fat cells within 
mesenchymal proliferation can be confusing. For example, nodular 
fasciitis may incorporate individual fat cells that can appear smaller 
than normal, mimicking lipoblasts (136). Likewise, a very prominent 
component of adipose tissue accompanies intramuscular 
angiomatosis and lymphangiomatosis of the extremities (152). 
Benign teratomas of the ovary (157) and lung (158,159) occasionally 
contain mature adipose tissue as an incidental finding. So-called 
fibrous polyps of the esophagus (160) also contain adipose tissue. 
Other nonlipomatous tumors that may contain fat include the 
pleomorphic adenoma of the salivary gland and the benign spindle 
cell breast tumor described by Toker et al. (161). This lesion may be 
what has been described recently as a myofibroblastoma (162) with 
the incorporation of adipose tissue. 


Perhaps by a process of cellular metaplasia, fat may also be found 
occasionally in the endometrium (163) or in epithelial tumors of 
various types (see below). 


Ectopic Adipose Tissue 


Ectopic fat either in cardiac valves or within organs was discussed 
earlier in the Metaplasia and Fatty Infiltration sections. Oddly 
enough, ectopic fat may occur in the dermis, where it causes a 
pedunculated appearance; this has been termed nevus lipomatosis 
superficialis or, more recently, pedunculated lipofibroma (164). 


Hamartomas' Containing Fat Cells 


Many of us are aware that the benign pulmonary a€cechondroma,da€e 
or a€coehamartoma,a€* may contain fat (158). In fact, approximately 
75% of these lesions do (165), and the presence of such a tissue 
foreign to the lung parenchyma supports the concept that these 


lesions are benign mesenchymomas (158,165). Occasionally, the 
lipomatous component may be so dominant as to suggest a lipoma 
(165,166). 


Amazingly, adipose tissue can be a component of many other unusual 
lesions. It may be coupled with vascular, fibrous, and myofibroblastic 
components in multiple congenital mesenchymal hamartomas 
[multiple sites (167)]; with undifferentiated spindle cells and 
fibroblasts in the fibrous hamartoma of infancy [mainly in shoulder 
and axillary regions (168,169,170)]; with fibrous tissue and mature 
nerve in the sometimes congenital fibrolipomatous hamartoma of 
nerve with or without macrodactyly [palm, wrist, or fingers 
(171,172,173)]; or with smooth muscle and vessels in the 
angiomyolipoma (174,175). These hamartomatous lesions of 
tuberous sclerosis will be discussed further. In another oddity, 
adipose tissue is one component of human tails and pseudotails 
(176), along with skin and other tissues. 


Massive Localized Lymphedema 


In morbidly obese patients, huge subcutaneous masses as large as 
50 cm may form, clinically mimicking liposarcoma (177,178). 
Pedunculated masses of adipose tissue show dilated lymphatics and 
edema and thus this condition is known as massive localized 
lymphedema (MLL). Grossly, the fat is marbled in appearance 
secondary to coarse bands of fibrous tissue intersecting fat lobules. 
Microscopically, the adipose tissue is dissected by fibrosis simulating 
sclerosing liposarcoma; however, the lesion is superficial, and there 
are no atypical stromal cells nor lipoblasts. In the edematous septa, 
scattered myofibroblasts are noted. Aside from the often postsurgical 
abdominal sites reported initially, MLL may also occur in the thigh, 
scrotum, and inguinal regions and be associated with hypothyroidism 
(178). 


Mesenchymomas 


Adipose tissue is a nearly constant component of benign 
mesenchymomasa€”growth that should be redefined as having more 
than two mesenchymal elements. LeBer and Stout (179) required the 
presence of at least two different mesenchymal elements to make a 
diagnosis of mesenchymoma. However, we believe the trend has 
evolved in favor of more than two elements, and those lesions with 
only two 
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elements currently appear to be designated separately as 
chondrolipoma, fibrolipoma, and so on (152,180). This seems 
appropriate since the secondary element, usually in a lipoma, is 
frequently a very focal finding (as it may be in a liposarcoma). Thus, 
aside from lesions with focal a€oemetaplasia,a€* lesions with three 
or more elements can be designated true mesenchymomas. For 
instance, a description of a trigeminal neurilemmoma (181) was 
really a mesenchymoma with cartilage, bone, hemangioma, 
schwannoma, and adipose tissue. Also, a thoracic tumor with smooth 
muscle, angiomatoid spaces, fibrous tissue, and adipose tissue is 
another mesenchymoma, reported in association with 
hemihypertrophy (182). Angiomyolipoma is another example of a 
benign mesenchymoma and is frequently found in the kidney, where 
approximately 40% are associated with tuberous sclerosis (175). 
Although the fat seen here is practically always mature, rarely 
lipoblast-like cells may be seen in these (152,183). Angiomyolipomas 
have also been reported in other sites, such as lymph nodes (184). 


Lipomas 


The distinction between adipose tissue lobules and true lipoma 
occasionally arises in the practice of surgical pathology, necessitating 
a strict definition of lipoma. Although lipoma is well described in two 
major texts (152,180), definitions are concise without detail. Lipoma 
is herein defined as a superficial or deep-circumscribed and expansile 
benign neoplasm composed of mature adipose tissue, which is 
commonly (but need not be) encapsulated. Such a definition 


emphasizes its well-differentiated and clonal nature (see following) 
and serves to distinguish most lipomas from normal fat and 
prominent posttraumatic skin folds, or â€œfat fracturesa€* (185). 
As Allen (180) emphasizes, the capsule may be quite thin and poorly 
defined. Nonetheless, it is a crucial requirement for superficial 
tumors; deep lesions, on the contrary, are often nonencapsulated. 
When a subcutaneous lipoma is excised in a piecemeal fashion, the 
lesion may be diagnosed by noting the presence of portions of 
capsular fibrous tissue in the form of a circular arc of collagen of 
varying width at the edge of tissue fragments. In the absence of a 
clear-cut capsule or fragments thereof, a diagnosis of a superficial 
lipoma cannot be made. 


Clinically, the majority of lipomas seen in surgical pathology are 
subcutaneous tumors typically in the middle-aged to elderly patient. 
Males and females are probably equally affected, and there are no 
racial differences. Most tumors are located on the trunk or upper 
extremities; if other sites are encountered, consideration should be 
given to one of the lipoma subtypes (e.g., forearm for angiolipoma, 
neck for spindle and pleomorphic types). Lipomas_ probably 
outnumber all other soft tissue tumors combined (152). Interesting 
facts about lipomas include (a) a nearly static size after the initial 
growth period (152); (b) the relative rarity of lesions on the hands, 
feet, face, and lower leg despite the presence of fat (152); (c) 
hardness after the application of ice, a diagnostic sign (152); (d) the 
lack of size reduction in starvation (152,180); (e) a definite, but low, 
recurrence rate [1 to 4% (152,180)]; (f) an unknown etiology; (g) a 
possible relation to potassium intake (186); and (h) a possible 
association with an increased incidence of cancer [46% (187)]. 


Many lesions of the subcutaneous region come to surgical pathology 
labeled as lipomas; and, not uncommonly, a portion of these actually 
turn out to be something else that is frequently more interesting. 


When one views normal fat histologically, the size of fat cells appears 
to vary somewhat due to the sectioning plane; however, the variation 


is relatively small [80 to 120 Aum (personal observation); Figure 
7.4]. In lipomas [including atypical lipoma (188)], there is a 
tendency for cell size to vary more widely, with larger cells (e.g., 
>300 Aum) being apparent. Practically, this means that a medium- 
power view will often disclose a two- to fivefold size range (Figure 
7.13). Normal fat has a netlike structure of fibrous tissue, wherein 
such dispersed fibrous bands or septa dissect the adipose tissue 
randomly. The fibrous tissue is thicker in quality in bodily regions 
exposed to pressure, such as the hands, feet, and buttocks (97). This 
netlike fibrous tissue arrangement is recapitulated within lipomas 
(Figure 7.14), particularly at the periphery where small lobules are 
often found. A high degree of vascularity is a feature associated with 
lipogenic malignancy, but we should be aware that this refers to a 
visible network of capillaries, often in strings and branching arrays. 
However, normal adipose tissue and lipomas are likewise highly 
vascular, except the capillary vascular bed is more difficult to 
visualize. A PAS stain of a lipoma, for example, can highlight the 
minute but diffuse capillaries, particularly at the junctions between 
cells, where they are made more difficult to see due to compression. 
A delicate reticulin 
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network is also present in lipomas, contributed to by the basement 
membranes of both lipocytes and capillaries; each lipocyte is 
completely encircled by reticulin in a manner similar to normal fat 
cells (Figure 7.3). Normally, lipomas have a low degree of cellularity 
and no nuclear atypia; the presence of either is cause for concern. 
Sometimes increased cellularity is due to a diffuse low-grade form of 
fat necrosis (Figure 7.15). The ultrastructure of lipoma recapitulates 
that of its normal counterpart (189). 


Figure 7.13 Variation in fat cell size in spindle cell lipoma. Some 
adipocytes are three to five times the size of a normal adipocyte; 
compare with Figure 7.4. Increased numbers of spindle cells 
together with collagen bands characterize this lipoma subtype, 
although the size variation seems to be present in all unusual 
types of lipoma. 


Figure 7.14 Lipoma with accentuated lobulation. In certain sites 
such as the buttock, foot, and hand (depicted here), thick fibrous 
septa are noted throughout; these correspond to the thicker 
septa within the normal adipose tissue in these regions. 
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Figure 7.15 Lipoma. A. In some tumors, an increased cellularity 
at medium power may cause concern, but it is frequently due to 
a mild but diffuse fat necrosis. B. The lipocytes are falsely 
enlarged by the histiocytes without much other inflammation. 


Myxoid Change 

In rare lipomas, the mature fat cells are separated by varying 
amounts of a loose basophilic ground substance, probably 
proteoglycan (Figure 7.16). When prominent, the lesion may be 
designated amyxolipoma or myxoid lipoma (152,180). The myxoid 
quality often raises the possibility of a myxoid liposarcoma. However, 
these areas contain only widely scattered bland cells and are never 
hypercellular. Furthermore, the plexiform capillary network so typical 
of the malignant tumor is absent, as are lipoblasts. As Enzinger and 
Weiss (152) observed, rare cells may be vacuolated but contain 
bluish mucoid material. 


Intramuscular Lipoma 


Deep lipomas may be either intermuscular or intramuscular, with the 
latter unencapsulated tumors being the more common. Intramuscular 


lipomas (190), also known as infiltrating lipomas, involve the large 
muscles of the extremities (particularly the thigh, shoulder, and 
upper arm) or the paraspinal muscles. For extremity lesions, an 
inapparent mass may become visible upon voluntary contraction. 
Microscopically, the lipocytes are typically mature, and mitoses or 
atypical nuclei are not found. Muscle fibers are widely dispersed 
throughout the lesion (Figure 7.17). Any unusual features should 
raise the suspicion of a _ well-differentiated liposarcoma (191). Often, 
intramuscular lipomas extend beyond the muscle fascia to involve the 
intervening connective tissue space. Therefore, it is often difficult to 
completely excise such lesions, and the recurrence rate is higher 
than that for ordinary subcutaneous lipoma. This has been 
particularly true for paraspinal intramuscular lipomas. 


Intramuscular angiolipomas are lesions considered to be 
intramuscular hemangiomas with a variable fat content (152). 


Lipoma arborescens is a special type of lipoma occurring in a joint: it 
has a characteristic villiform gross appearance, 
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and the patients typically have a highly painful knee (180). The mere 
presence of adipose tissue on a synovial biopsy is not synonymous 
with this entity. 


Figure 7.16 Lipoma with myxoid change. Features that 
differentiate this from myxoid liposarcoma are the lack of 
branching capillary vessels and significant cellularity in the 
myxoid component. 


Other Elements in  Lipomas 


Aside from the ordinary lipoma, extraneous elements of various types 
can be associated with an adipose tissue benign proliferation, 
including combinations with epithelial or other mesenchymal 
components. 


Mesenchymal Components 


Perhaps the most common mesenchymal component associated with 
the lipoma is, as surgical pathologists are aware, benign 


cartilaginous metaplasia (Figure 7.18). So-called chondrolipomas 
may occur in almost any site of the body, including the breast (192) 
and mediastinum (193). Although the term benign mesenchymoma 
has been applied to such lesions, the chondroid metaplasia is 
practically always an extremely minor component in the form of very 
small isolated islands of cartilage; therefore, the designation of 
mesenchymoma appears to be an exaggeration (as it is when 
cartilaginous metaplasia occurs in liposarcoma). Allen (194) also 
prefers to avoid the term mesenchymoma. 


Figure 7.17 Lipoma, intramuscular type. The light fat cells 
proliferate between dark individual skeletal muscle fibers in this 
commonly unencapsulated tumor (trichrome stain). 


Lipochondromatosis is a recently reported entity that involves the 
tendons and synovium of the ankle region as a mass lesion (195). 
Rarely benign osteoid is also found in lipomas, either solely or 
coupled with cartilage (196). Some of these osteolipomas are in 
contact with periosteum and may be termed periosteal lipoma (196). 
Smooth muscle lesions, particularly of the uterus, may be combined 
with adipose tissue to produce lipoleiomyomas (197) and 


lipoleiomyomatosis (198). Prominent blood vessels are a frequent 
component of superficial small subcutaneous tumors called 
angiolipomas (152). These lesions are interesting, as they may be 
multiple, cause pain due to frequent microthrombi, and give rise to 
the differential diagnosis of Kaposi's sarcoma when the angiomatoid 
component completely overcomes the lipocytic component (Figure 
7.19). These fat-poor variants are designated cellular angiolipomas 
(199). In such instances, the diagnosis is made by finding rare-to- 
scattered mature fat cells, usually at the periphery of the lesion. 


Some lipomas contain an increased content of fibrous tissue. These 
usually superficial tumors have been called fibrolipomas. However, it 
is likely that the amount of fibrous 
Pres 
tissue in a lipoma is directly related to its anatomic site of origin 
(Figure 7.14). Dense thicker fibrous tissue is typically found in 
lipomas of the pressure-bearing regions of the body such as the 
hands, feet, and buttocks; the lobular architecture accentuated by 
such fibrous bands may be apparent grossly. 


Figure 7.18 Chondrolipoma. Small nodules of mature cartilage 
are present, often very focally; this combination alone should not 
be labeled a mesenchymoma. 


Figure 7.19 Angiolipoma. In this unusual example, the rarity of 
adipocytes (top middle) makes the tumor resemble a deep 
Kaposi's-like lesion; the location, circumscription, frequent 
microthrombi (center), and isolated islands of fat cells at the 
periphery aid in the diagnosis. 


Epithelial Components 


In some superficial lipomas, eccrine glands may be incorporated into 
the lesion. Eccrine glands may be found at the junction of dermal 
collagen; the subcutaneous fat and lipomas arising in this region can 
cause displacement of these glands, well within the substance of the 
lipoma. This phenomenon has been noted in locations such as the 
hand and buttock (personal observation). 


Adipose tissue may accompany adenomas (i.e., lipoadenomas) of the 
thyroid (200) and parathyroid (201). Aside from lipoadenomas, other 
lesions of the thyroid gland may contain fata€”including colloid 
nodules, lymphocytic thyroiditis, and papillary carcinomas (202,203). 
Another unusual phenomenon is the formation of the thymolipoma 
(204). As listed in Table 7.2 [see section entitled Syndromes 
Associated with Fatty Lesions (Including Lipomatosis)], an unusual 
lipomatous syndrome is described that consists of thyrolipoma, 


thymolipoma, and pharyngeal lipoma (205). 


Lymphocytes in  Lipomas 

Occasionally, one may observe a dense perivascular lymphocytic 
infiltrate in scattered vessels within and outside ordinary lipomas. 
Although not generally described, the authors have observed this 
phenomenon several times and investigated the patients; they have 
not exhibited evidence of chronic lymphocytic leukemia or 
autoimmune disease. Perhaps this may represent a localized host 
reaction to the proliferation. 


Special Lipoma Types 


In the spindle cell (206,207,208) and pleomorphic (209,210) 
lipomas, the fat cells appear variable in size at low power. In spindle 
cell lipoma (Figure 7.13), the spindle cell content may vary from 
scanty to abundant, and the nuclei of the spindle cells are wavy, 
resembling nerve sheath lesions. Dense fibrous tissue is also found 
sometimes with a keloidal quality. Similar cells may be seen in 
pleomorphic lipoma, which has, in addition, characteristic floret 
tumor giant cells (Figure 7.20). Both of these lesions are 
encapsulated and have characteristic locations commonly limited to 
the head and neck of elderly males. They may be related entities 
(211). Interestingly, immunoreactivity for androgen receptor has 
recently been demonstrated in the fibroblast-like spindle cells of 
spindle cell lipoma (Brooks, personal data). 


The chondroid lipoma is a well-circumscribed lesion with two 
elements: mature adipose tissue and focal or prominent areas 
containing strands and nests of eosinophilic vacuolated cells 
resembling chondroblasts or lipoblasts. A hyalinized myxoid matrix is 
also seen. This tumor is S-100 protein, vimentin, and CD68-positive, 
and may be cytokeratin-positive. It occurs mainly in women in the 
superficial soft tissues or skeletal muscle of extremities, head, and 
neck. While worrisome in appearance, the lesion does not recur or 


metastasize (212,213). 


Finally, an unusual fatty tumor of the mediastinum with elastic tissue 
has been described as elastofibrolipoma (214). 


Figure 7.20 Floret cell. The wreath of nuclei at the periphery 
characterizes this cell, which is classically present in pleomorphic 
lipoma but may occur in some liposarcomas. 
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Lipoblastoma 


Frequently a congenital lesion, the lipoblastoma 
(215,216,217,218,219,220,221) is a benign solitary proliferation of 
fat, retaining the lobular architecture of developing fetal white 
adipose tissue. Nearly 90% of these superficial lesions occur before 


the age of 3 (152). Interestingly, lesions tend to mature with the age 
of the patient. Tumors may be predominantly myxoid with spindle 
cells, predominantly lipocytic, or mixed; all types have a prominent 
capillary bed and are often encapsulated. When mature fat cells are 
present, they are typically in the central portion of the lobules, in 
turn surrounded by collagen. In contrast, the presence of maturing 
adipocytes in myxoid liposarcoma is frequently found at the 
periphery of the lobule (220). Thus, while these tumors bear a 
resemblance to myxoid liposarcoma, there are clear differences, and 
the lobular accentuation with collagen is quite typical (Figure 7.21), 
as is the age at presentation. Rare cells resembling brown fat or 
hibernoma cells have been identified in lipoblastoma (219). If these 
lesions are single, they should be termed lipoblastoma (216) and not 
lipoblastomatosis (218,221); that was the original designation given 
appropriately by Vellios et al. in 1958 for a diffuse form (215). 


Figure 7.21 Lipoblastoma. A. At low power, a distinctly 
lobulated appearance can be observed. In some lobules, 
differentiation has started in the center. B. Within the myxoid 
lobules, small lipoblasts and spindle cells are found. The spindle 
cells are similar to those in developing fat (see Figure 7.2B). 


Lipoblastomatosis 


Lipoblastomatosis is the proper designation for the less common 
diffuse form of lipoblastoma. About one-third of the patients have 
diffuse tumors, which (in contrast to the solitary form) are usually 


deeply situated, more poorly circumscribed, infiltrating muscle, and 
with a higher tendency to recur (216). 


Cytogenetics of Lipomas 


Chromosomal karyotypes of lipomas have been studied 
(222,223,224,225,226,227,228,229) and reveal nonrandom changes 
involving chromosomes 3 and 12, indicative of clonality. The 
balanced translocation t(3;12) is a common finding (224,225), with 
breakpoints described at probably identical locationsa€”’q27;q13 
(223) and q28;ql4 (222). The breakpoint on chromosome 12 is very 
close to the one described in the t(12;16) translocation in myxoid 
liposarcomas (224). This balanced translocation involving 
chromosome 12 is seen in roughly 50% of lipomas (225) and may 
involve other chromosomes such as 21 and 7 (225). Another one- 
third of lipomas show a ring chromosome (225) originally described 
by Heim et al. (226) as a possible rearrangement of chromosome 3; 
this may be a marker for lipogenic tumors. Rarely, chromosome 6 
has shown an abnormality (229). Interestingly, subgroups of lipomas 
may show different cytogenic changes (227). 


Likewise, clonal chromosomal changes are noted in lipoblastoma with 
the abnormality at 8q11-q13 (230). 


Syndromes Associated with Fatty 
Lesions (Including Lipomatosis) 


The word lipomatosis may appropriately refer to two separate 
conditions: the presence of multiple subcutaneous lipomas and the 
infiltration of organs or sites such as the pelvis (231,232) by adipose 
tissue. The bilateral multiple symmetrical lipomatosis (MSL) 
syndrome [Madelung's disease (233,234,235,236,237)] is said to be 
frequently accompanied by a high intake of alcohol (180). However, 
there is increasing evidence that there is no association of MSL with 
alcohol abuse (238), that there may be a constitutional mitochondrial 


dysfunction (239), that mitochondral DNA may be abnormal (240), 
that patients have plasma lipid anomalies (241), and that the cells 
involved may be distorted brown fat cells supportive of a neoplastic 
nature to MSL (242). 


Lipomatosis may involve a single portion of the body, such as the 
face (243), the spinal epidural area (244,245,246,247), the 
mesentery (248), the mediastinum and abdomen (249), the 
mediastinum alone (250), the brain (251,252), and the 
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kidney (253), as well as subcutaneous tissue (254). Syndromes 
relating to many of these are delineated in Table 7.2. 


Lipomas, either as single or multiple tumors, may be part of a variety 
of syndromes (Table 7.2), some of which are autosomal dominant 
[Gardner's syndrome (255,256), MEA type 1 (257,258), Bannayan's 
syndrome (259), or tuberous sclerosis (260)]. Pathologists may find 
it interesting to note that lipomatous lesions may also occur in 
Cowden's disease (261), Beckwith's hemihypertrophy (180), and as 
fat within a pulmonary a€oehamartomada€* in Carney's syndrome 
(262,263). 


Furthermore, adipose tissue lesions may be found in association with 
other clinical syndromes as well (264,265,269). The listing in Table 
7.2 is meant to be as complete as possible for informational 
purposes. The lipodystrophies (membranous and intestinal or 
mesenteric) were discussed earlier. 


Table 7.2 Syndromes Associated with Fatty Processes 


Syndrome Description 


Diffuse mammary Fat necrosis with infarction and 
steatonecrosis lipogranulomatous reaction; found in 


Acute pancreatitis 


Retractile 
mesenteritis 


Weber-Christian 
disease (avoid 
term) 


Beradinelli's 
lipodystrophy 


Dercum's disease 


FrAQhlich's 


patients with 
(97) 


large pendulous breasts 


Disseminated focal areas of fat necrosis 
in the subcutis; may also occur with 
pancreatic carcinoma (97) 


Fibrosis and retraction of mesentary 
with distortion of intestinal loops; the 
outcome of mesentary 
panniculitis/isolated mesenteric 
lipodystrophy (97,146) 


Historic term for a clinical syndrome 
with chronic inflammation, fat necrosis, 
and scattered acute inflammatory cells 
in the subcutisa€” a€cenonsuppurative 
panniculitisa€* with recurrent lesions 
and febrile illness; this is now known to 
be due to a variety of separate diseases 
and is a term to be avoided (136,137) 


A minor part of a complex disorder 
including gigantism, hyperlipidemia, 
fatty cirrhosis of liver, muscular 
hypertrophy, and _ hyperpigmentation; 
familial (97) 


Multiple lipomas with pain and 
tenderness (79,97,152,180) 


Sexual infantilism with obesity and 


syndrome 


Madelung's 
disease 


Gardner's 
syndrome 


Multiple 
endocrine 
adenomotosis_ | 
(MEA 1) 


Schwachman 
syndrome 


Trite's syndrome 


Carney's 
syndrome 


Tuberous 
sclerosis 


symmetrical or asymmetrical lipomas (a 
form of hypopituitarism) 


Symmetrical lipomatosis; associated 
with alcohol intake 
CLG0323397234,235,236,250) 


Familial intestinal polyposis; 
Subcutaneous lipomas may occur 
(2557256) 


Subcutaneous lipomas occur (257); a 
case of liposarcoma reported (258) 


Lipomatous atrophy of the pancreas 
with prominent lipomatosis, 
maldigestion, neutropenia, and growth 
retardation (113) 


A combination of thymolipoma, 
thyrolipoma, and pharyngeal lipoma 
(205) 


Pulmonary hamartomas (which often 
contain fat), gastric smooth muscle 
tumors, and paraganglioma (262,263) 


Angiomyolipomas of kidney, other 
tumors, and hamartomas; occasionally 
diffuse lipomatosis (260) 


Beckwith's 
hemihypertrophy 


Familial 
lipomas 


multiple 


Bannayan's 
syndrome 


Laurence-Moon- 
Biedl syndrome 


Carpal tunnel 
syndrome 


Fishman's 
syndrome 


Goldenhar-Gorlin 
syndrome 


Cowden's disease 


Spinal epidural 
lipomatosis 


Congenital asymmetry, some with 
associated Wilms' tumor, occasional 
benign mesenchymoma with adipose 
tissue (182) 


Multiple subcutaneous lipomas (268) 


Autosomal dominant disorder with 
macrocephaly, lipomas, hemangiomas, 
and intracranial tumors (259) 


Congenital optic nerve atrophy, 
polydactyly, mental defect, and 
occasional adrenal lipomas (267) 


Occasionally caused by tendon sheath 
lipoma (264) 


Encephalocraniocutaneous 
(25 ZSZ) 


lipomatosis 


Oculoauriculo-vertebral 
CNS lipomas (266) 


dysplasia with 


GI polyposis with orocutaneous 
hamartomas; angiolipomas have been 
observed (260) 


Fatty infiltration of epidural space 
(244,247); occasionally secondary to 


steroids (247) 


Membranous Abnormal subcutaneous and bony fat 

lipodystrophy with bone cysts, pathologic fractures, 
and leukodystrophy of brain 
(104,105,106) 


Mimics of Fat Cells 


Mature Fat Cells 


Pathologists visualize adipocytes as clear cells or a€cewhite holesa€s 
on routine sections. Therefore, other cells or processes with this 
white hole appearance may be confused with them. Some lesions are 
fairly obviousa€”like the vacuolated lymphadenopathy of 
lymphangiogram effect. 
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Dilated superficial lymphatics if closely clustered, as they may be in 
a nasal polyp, remind one of adipocytes at medium power. The 
submucosal cystic spaces of pneumatosis cystoides intestinalis (270) 
are composed of gas with a lining of inflammatory cells, histiocytes, 
and giant cells. Cysts very similar in histology are occasionally noted 
within ovarian teratomas; here, it is probably a reaction to internal 
rupture. Likewise, small gaseous cysts without any lining in the 
intestinal mucosa truly mimic lipocytes in an entity termed 
pseudolipomatosis (270). Similar clear but artifactual vacuoles in the 
skin have been called pseudolipomatosis cutis (271). Termed villous 
edema in placental texts, this artifact of chorionic villi gives them a 
pseudolipomatous appearance. Lipid-filled sinusoidal Ito cells in the 
liver simulate small adipocytes in vitamin A toxicity (272). 


Lipoblasts 


The response to the lipidlike substance silicone after the rupture of a 
breast implant can cause concern: when the response to the silicone 
is marked with sheets of histiocytes containing a single dominant 
vacuole, the cells resemble lipoblasts and the lesion may be mistaken 
for liposarcoma. 


Tumors with vacuoles also cause the pathologist to consider a 
lipocytic origin. Metastases to the skin or subcutaneous region of 
Signet-ring carcinoma or signet-ring melanoma (273) (Figure 7.22) 
may resemble lipoblasts, and other helpful features such as nesting 
or spindling are not always present. Lymphomas of both B- and T-cell 
origin exhibiting a vacuolated or signet-ring appearance have 
recently been described (274,275,276,277,278), may mimic 
liposarcoma (278), and should be in the differential diagnosis of 
cutaneous, nodal, or retroperitoneal tumors. 


Mesenchymal tumors such as epithelioid smooth muscle lesions and 
fibrohistiocytic neoplasms (Figure 7.23) can be vacuolated as well, 
due to an artifact and proteoglycan material, respectively. These two 
tumor groups, particularly in the form of gastrointestinal (GI) 
stromal malignancies (leiomyosarcomas) and myxoid malignant 
fibrous histiocytoma, probably account for the largest number of 
lesions mistaken for liposarcoma. In the GI tumors, the perinuclear 
vacuole coupled with a cellular epithelioid morphology can closely 
mimic the round cell or cellular myxoid liposarcoma. In myxoid 
fibrohistiocytic tumors of various types, vacuolated cells superficially 
simulate the lipoblast, but closer inspection reveals a delicate 
basophilic substance in the cytoplasm, apparently due to matrix 
production by the tumor cells (Figure 7.23). Unusual paragangliomas 
with vacuoles (279,280) may also be puzzling. Other lesions most 
often simulating lipocytes are those of endothelial origin because a 
true and often large vacuole is produced. Such cells may be 
identified in the histiocytoid hemangioma (281), in other epithelioid 
angiomas (282,283), in the spindle cell hemangioendothelioma 
(Figure 7.24) (284), in epithelioid hemangioendothelioma (285), and 
in some poorly differentiated angiosarcomas (Figure 7.25). In 


contrast to most large lipoblasts, the large vacuoles in endothelial 
tumors show a central septation. Chordomas, particularly with a 
sacral presentation, may be confused with a lipocytic tumor due to 
the prominent 
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vacuolization of the physaliphorous cells. Mesotheliomas may also be 
vacuoled mimicking liposarcoma (286). 


Figure 7.22 Adipocyte mimic. Subcutaneous metastases from 
either signet-ring carcinoma or melanoma (seen here) may rarely 
imitate a lipocytic tumor. 
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Figure 7.23 Lipoblast mimic. 


cells with a vacuolated appearance may be 


histiocytoma, 


, the vacuole contains a wispy 


however 
bluish coloration due to the presence of proteoglycan matrix. 


lipoblasts; 


confused with 


Figure 7.24 Adipocyte mimic. Large vacuolated cells can be 
found in the spindle cell hemangioma, but they are endothelial in 
nature and often line vascular spaces as seen here. 


The best defense against a misdiagnosis of another tumor as a 
lipocytic one is strict adherence to the definition of a lipoblast: a cell, 
occasionally large but usually small, with a vacuole or vacuoles 
indenting the nucleus. The requirement for nuclear indentation 
assures an intracellular/cytoplasmic location for the vacuole and also 
excludes the semicircular nuclei around small vascular channels. 
Extracellular vacuoles are a common phenomenon, particularly in 
lesions with areas of mucoid matrix, and are often mistaken for a 
true intracellular finding; however, the nucleus is never affected 
since the substance is noncytoplasmic. 


True liposarcomatous differentiation may be rarely identified in 
nonfatty malignancies such as medulloblastoma (287), cystosarcoma 
phyllodes (288), and even mesothelioma (289). 


Figure 7.25 Adipocyte mimic. In some poorly differentiated 
angiosarcomas, vacuolated endothelial cells also resemble fat 
cells; however, note the presence of occasional septated 
vacuoles (center), a feature typical for proliferating endothelial 
cells and unlike adipocytes. 
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Skeletal Muscle 


Reid R. Heffner Jr. 


Lucia L. Balos 


Introduction 


Skeletal muscle is the largest organ in the body by weight and 
volume. There are hundreds of individual muscles comprising the 
Skeletal musculature. The functions of these muscles encompass 
not only the movement of skeletal components, but also 
Swallowing, respiration, and maintaining posture. The variation in 
the gross anatomy of these muscles is considerable. More to the 
point for our purposes are the histologic characteristics of muscle 
in general and the site-specific variations such as fiber size and 
fiber-type proportions. Since the anatomic pathologist is 
increasingly called upon to interpret microscopic findings in muscle 
as they relate to disease, a familiarity with the histology of normal 
muscle is the basis of any accurate assessment of this kind. 
Today, an understanding of muscle histology in a modern context 
depends upon some knowledge of developmental biology and 
molecular biology. 


Embryology 


The development of skeletal muscle is orchestrated in the unborn 
baby by a host of genes, many of which are yet unknown. These 
genes have the function of regulating the transformation of 
mesenchyme into muscle tissue and of reorganizing previously 
formed tissue through processes like apoptosis. We will have more 
to say about the molecular biology of muscle development after a 
discussion of some basic embryology. Skeletal muscle develops 
embryologically from somatic mesodermal tissue. The paraxial 
mesoderm is first apparent on day 17 and is the origin of the 
somites that are completely formed by day 30. At this time, a 
series of 42 to 44 pairs of rounded somites can be found adjacent 
to the notochord in the midline. By the fourth week, the 
mesodermal somites separate into the dermatomes and segmental 
myotomes. The latter give rise to the muscles of the body wall. 
The dorsal division of myotomes, the epimeres, represent the 
origin of the back muscles, while the ventral division hypomeres 
differentiate into the lateral and ventral muscles of the body wall, 
including the intercostals, abdominal obliques, and strap muscles 
of the neck. The muscles of the extremities arise from the limb 
buds that form from the lateral plate mesoderm that is also the 
origin of the bone, tendon, ligaments, and blood vessels. In the 
human embryo the mesenchyme of the limb buds appears at about 
the fourth week of gestation and is subject to induction by the 
somites. At the end 
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of the eighth week, the primordia of individual muscles can be 
appreciated. Muscle tissue is not derived directly from the lateral 
plate mesoderm (as was previously thought) but from somitic 
mesoderm, which invades the limb bud in week 5 (1). 
Differentiation of the limb musculature follows a cephalocaudad 
and proximal-to-distal progression. In each limb, the somitic 
mesenchyme subdivides into a dorsal and ventral mass with 
respect to the skeletal elements. The extensor, abductor, and 
Supinator muscles are derived from the dorsal mass, whereas the 


flexor, adductor, and pronator muscles originate from the ventral 
mass (2). 


The most immature muscle cells are myoblasts. These are small, 
round, mononucleate cells with prominent nucleoli and evidence of 
mitotic activity. Myoblast cytoplasm contains no microscopically 
detectable filaments, but ribosomes can be identified. Masses of 
proliferating myoblasts represent the source of myotubes, the next 
step in myogenesis (3). Myotubes appear to arise as a result of 
fusion of the more primitive myoblasts (4). Myoblast fusion has 
been shown to depend upon a plasma membrane glycoprotein with 
a molecular weight of 38 KDa (5). This surface marker presumably 
allows fusing myoblasts to recognize each other. The 38-KDa 
membrane protein is also found on immature myotubes and 
satellite cells. Ultrastructurally, myoblasts are seen to have 
contact with each other through filopodia. Adjacent myoblasts are 
often joined by gap junctions (6). Fusing myoblasts become 
longitudinally oriented, a process which requires fibronectin (7). At 
this stage of myogenesis, groups of primitive muscle cells, 
including myoblasts and myotubes, are enclosed by a common 
basement membrane. In each cluster, there is usually one larger 
primary myotube. Between groups of cells are aggregates of 
interstitial cells (8). 


Myotubes differ from myoblasts by the presence of multiple nuclei 
and cytoplasmic filaments. Filaments first form at the peripheral 
portions of the sarcoplasm and consist of 10 nm fibroblast-like 
fibrils that disappear during maturation (9). | |mmunohistochemical 
techniques also demonstrate the presence of desmin and vimentin 
within myotubes. More mature secondary myotubes have a larger 
diameter, increased numbers of nuclei that are central in cross 
sections, and more prominent myofilaments (Figure 8.1). These 
cells also begin to show evidence of contractile activity. Secondary 
myotubes eventually give rise to muscle fibers. As they approach 
this stage of development, secondary myotubes cease fusing and 
develop acetylcholine receptor protein on the cell surface. At first 


receptor protein is diffusely distributed on the cell surface, but it 
later becomes focused into so-called hot spots where motor 
endplates will develop (10). 


Muscle fibers differ from myotubes in that their nuclei are 
peripheral and their filaments are organized into sarcomeres. 
Muscle fibers also develop a sarcotubular system, and in time they 
become innervated. Immature muscle fibers often acquire multiple 
innervation sites, all but one of which eventually disappears. 


Figure 8.1 Myotube stage of muscle development. Myotubes 
typically have large central nuclei (trichrome). 


The number of myotubes continues to decline after the twenty-first 
week of gestation so that at the time of birth myotubes are no 
longer conspicuous histologically. As myotubes become fewer in 
number, the muscle fibers undergo histochemical differentiation, 
which begins in the fifth month of development. Between fifteen 
and twenty weeks of gestation, a primitive progenitor of the 
checkerboard pattern emerges in which all myotubes and 


myofibers have high ATPase and oxidative enzyme activity (11). 
By twenty weeks gestation, approximately 10% of fibers are larger 
in diameter, with both high oxidative enzyme activity and reduced 
ATPase activity. These fibers, which are basophilic in H&E stains, 
are the so-called Wohlfart B fibers and are the earliest example of 
type 1 fibers to be detected in developing muscle (12). The 
remaining 90% of fibers (Wohlfart type A) correspond to type 2 
fibers with enhanced ATPase activity. Although type 2A and 2B 
fibers are not yet visible, a few type 2C fibers that stain dark in 
both acid and alkaline ATPase reactions are apparent. These fibers 
typically immunostain with antibodies to both fast and slow 
myosin. The more mature checkerboard histochemical pattern, 
which is stimulated by the innervation of fibers, is almost 
completed between 26 and 30 weeks of gestation (13). At birth the 
histochemical mosaic begins to resemble that of mature adult 
muscle. Approximately 80% of fibers are clearly identified as type 
1 or type 2. The remaining 20% are undifferentiated fibers that 
have both abundant oxidative enzyme activity and stain darkly in 
routine ATPase reactions. A few Wohlfart type B fibers remain at 
birth. Type 2C fibers are not encountered. 


As mentioned earlier, the development of skeletal muscle is under 
the control of several categories of genes and their products (14). 
Among these categories are transcription factors and signaling 
molecules such as growth factors and their receptors. A 
comprehensive discussion of this subject would not be appropriate, 
but a few illustrative examples will be given in recognition of the 
fact that these 
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molecular events in the embryo will soon be relevant in the 
understanding and diagnosis of muscle disease, especially the 
congenital myopathies and dystrophies. 


One of the important influences in the early stages of 
segmentation when the segmental identity of the somites is 
established is the expression of Hox genes, a family of homeobox 


genes that act as transcription factors involved in craniocaudal 
segmentation of the body. Myogenesis originates with a population 
of mesenchymal cells that become devoted to a lineage of 
myogenic cells. The molecular basis of this transition rests with an 
array of myogenic regulatory factors, MyoD, myogenin, Myf-5, and 
MRF-4, which are basic helix-loop-helix proteins. Both Myf-5 and 
another transcription factor, Pax-3, activate MyoD (myogenic 
determining factor), which leads to the formation of mononuclear 
myoblasts. Meanwhile, myoblasts in the myotome of the somite 
continue to replicate and are kept in the cell cycle by growth 
factors such as fibroblast growth factor (FGF-8). Myogenin 
expression is controlled by Myf-5 and MyoD; along with myoblast 
recognition and adherence mechanisms that rely on adhesion 
molecules like M-cadherin, myogenin expression promotes 
myotube fusion. In turn, MRF-4 is responsible for differentiation 
into myofibers. 


Postnatal and Developmental Changes 


During the prenatal period and childhood, muscle fibers continue 
to increase in length until full growth is attained. Muscle fibers 
lengthen in response to growth of the skeleton by virtue of two 
fundamental changes in the sarcomeres. Existing sarcomeres 
lengthen, producing longitudinal fiber growth (15). This 
mechanism may account for up to a 25% increase in fiber length 
and indicates that there is a relative a€ceexcessa€* of sarcomeres 
that may elongate during periods of rapid growth of the skeleton. 
Muscle fibers also undergo real longitudinal growth with the 
addition of new sarcomeres, which involves the synthesis of 
contractile proteins (16). New sarcomeres are known to be added 
at the end of fibers, usually at the myotendinous junctions (17). 
There is also evidence to suggest that new sarcomeres are not 
only added at the end of fibers, but within internal segments as 
well. Whether the actual number of muscle fibers is augmented 
after birth is the subject of a current debate. Until recently the 


myofiber population was thought to be relatively stable after birth 
and throughout adult life (18). The studies of Adams and DeReuck 
(19) and others, however, seem to suggest a gradual rise in the 
number of fibers between birth and the end of the fifth decade. In 
some muscles, the total increase in fibers may reach 80 to 100% 
of the neonatal level. The mechanism accounting for an increase in 
the fiber population probably involves a population of dividing 
stem cells that subsequently undergo fusion to produce new 
mature fibers. A major aspect of growth of muscle fibers after 
birth relates to an increase in transverse dimension. In general, 
between birth and adulthood there is a five-fold increase in muscle 
fiber diameters (20). For example, in the leg muscles, the average 
diameter of mature fibers is 45 Aum as compared to 7 Aum at 
birth. The enlargement in fiber diameters does not proceed at an 
even rate from birth to early adulthood, when fibers obtain a 
maximum diameter. Instead, fiber diameters increase at a 
relatively slow rate until puberty, when a burst of growth occurs. 
As an example, in the gastrocnemius, fibers more than triple in 
size from age 12 (average 19 Aum) to age 21 (average 62 Aum) 
years. 


A major revision in the histochemical profile of muscle occurs after 
birth. In the term infant, a checkerboard staining pattern is clearly 
evident in alkaline ATPase reactions. However, fiber typing is often 
not distinct in oxidative enzyme reactions (Figure 8.2). The 
emergence of type 1, 2A, and 2B fibers in oxidative preparations 
occurs during infancy. Undifferentiated fibers having both 
abundant oxidative enzyme and ATPase activity represent 
approximately 20% of fibers at birth. These gradually differentiate 
into type 1 and type 2 fibers during the first year of life. The fate 
of Wohlfart B fibers, comprising about 1% of myofibers at birth, is 
unknown. They are not seen in biopsies of children past the age of 
12 months. 


The connective tissue elements of muscle are much more 
prominent at birth, particularly the perimysial components. 


Immediately after birth the perimysium may account for up to 
20% of the cross-sectional area of muscle tissue. During early 
childhood, the perimysium and other connective tissue components 
rapidly shrink to less than 5% of the cross-sectional area, in part 
because of the enlargement of the muscle fibers. In the immediate 
postnatal period, blood vessels (especially arteries) appear 
excessively thickened as a result of the presence of abundant 
smooth muscle elements. 
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Expansion of the luminal diameter of blood vessels in the first year 
of life gives the vascular elements an adult appearance. The 
noncontractile, supporting connective tissue contains abundant 
collagen and scattered fibroblasts. Foci of hematopoiesis remain 
after birth, containing stem cells, erythroblasts, and myelocytes. 
These foci are more likely to be seen in the distal muscles of the 
extremities. They disappear within one month after birth. 


Figure 8.2 Newborn muscle. Indistinct fiber typing is evident 
in oxidative enzyme reactions (NADH-TR). 


Apoptosis 


Our scientific knowledge of apoptosis in skeletal muscle is at a 
rudimentary stage, but the medical literature is beginning to 
address apoptosis as a regulatory process in the normal 
development of muscle and in its relationship to selected 
pathologic conditions (21). 


During embryologic life, both neurons and skeletal muscle are 
affected by the process of apoptosis. A great deal more is known 
about programmed cell death in nerve cells, including motor 
neurons, than in muscle. A review of the earlier literature 
discussing natural neuronal death has been published by 
Hamburger (22). A recent article by Sohal (23) addresses the 
subject of embryonic development of motor neurons and muscles, 
culminating in the establishment of mature nerve-muscle 
relationships. During embryogenesis, a necessary remodeling of 
muscles occurs through apoptosis, which removes 
a€ceunwanteda€* cells or structures to make room for further 
maturation. In the chick embryo, programmed cell death clearly 
occurs as the myofibers are developing. The large diameter 
primary myotubes are preferentially affected. The cytological 
features suggesting apoptosis include misshapen nuclei and 
irregular chromatin condensations along the nuclear envelope 
(24). It has been shown that, in rat embryos, macrophages play 
an important role in the removal of dead fibers (25). In human 
fetal muscle, the programmed cell death of both primary and 
mature myotubes occurs between 10 and 16 weeks of gestation 
(26). 


A body of information regarding apoptotic events in postnatal and 


adult muscle is beginning to accumulate. Such diverse conditions 
as disuse, exercise, ischemia, aging, and certain myopathies are 
being examined. Skeletal muscle apoptosis differs from most other 
tissues in several ways. Muscle cells are multinucleated, and their 
mitochondrial composition varies with fiber type and other factors 
such as exercise. Muscle cells contain two separate mitochondrial 
populations, subsarcolemmal and intermyofibrillar. It is unclear at 
the moment whether the expression of pro- and antiapoptotic 
agents differ in the two populations. Because it is a multinucleated 
cell, the muscle fiber does not always undergo apoptosis in same 
fashion as other cell types. Damage limited to individual myonuclei 
seems to be more common than death of the entire cell. In 
denervation, myonuclear loss leads to fiber atrophy instead of cell 
death. Finally, the elevated expression of endogenous caspase 
inhibitors in muscle seems to confer relatively greater resistance 
to apoptosis. 


Anatomy 


There are 434 voluntary muscles in the human body (27). They 
comprise 25% of the total body weight at birth and 40 to 50% of 
the total weight in adults. Not surprisingly, a greater muscle mass 
is encountered in males than in females. Individual muscles vary 
greatly in size. For example, the smallest muscle in the body, the 
stapedius, measures only 2 mm in length. On the other hand, the 
Sartorius and other large muscles of the extremities measure up to 
2 feet in length (61 cm). Skeletal muscles are composed of 
varying numbers of muscle fibers (e.g., 10,000 in lumbricals and 
1,000,000 in gastrocnemius) (28). These are connected at both 
ends to tendons or the epimysium. 


Because the fibers work in conjunction with each other, they are 
aligned in the same direction. Few skeletal muscles are modeled 
after the lumbricals, where all the fibers are arranged in a fusiform 
structure that tapers at either end at the site of tendinous 


insertion (29). The more familiar unit is a parallelogram composed 
of muscle fibers that insert at both ends on a flat tendon 
composed of dense collagen. In a parallel muscle, the fascicles are 
parallel to the longitudinal axis of the muscle, as in the 
thyrohyoid. In oblique muscles, a tendon typically runs within the 
muscle or on its surface, and the muscle fibers insert obliquely on 
the tendon. Oblique muscles are most often pennate or 
featherlike. Some are bipennate, much like a feather in which 
there is a central shaft from which a series of barbs radiate on 
either side. Such muscles have a central tendinous structure from 
which two sets of parallel muscle fibers radiate (e.g., peroneus 
longus). Other muscles are simple pennate, in which only one set 
of parallel muscle fibers attaches obliquely on a shaftlike tendon 
(e.g., extensor digitorum longus). Muscles are designated as 
complex pennate when the muscle consists of multiple 
parallelograms attaching to several tendons in the muscle mass. 
Not all skeletal muscles follow precisely the model of parallel or 
pennate design. They may be triangular like the pectoralis minor 
or spiral in structure like the forearm supinators. Although most 
muscles are attached to and are involved in moving bony skeletal 
structures, some voluntary muscles (such as those of the larynx 
and esophagus) do not have attachments to bone. 


The blood supply to individual skeletal muscles has not been 
extensively studied and is therefore incompletely understood. It is 
known that the arterial supply to muscles varies somewhat with 
the individual. In general, the skeletal muscles are subserved by 
several rather than a single artery, which renders them rather 
resistant to ischemia from an embolus or from disease of a single 
vessel. Much of our understanding regarding the pattern of 
vascularization in human muscle is derived from studies performed 
by Blomfield (30). 
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The vascular supply to skeletal muscle falls into one of five 
categories. 


The blood supply is derived from a single nutrient artery that 
divides in a longitudinal fashion within the muscle itself. The 
gastrocnemius is an example of such a system. 


The muscle is supplied by several separate arteries entering 
the muscle along its length. Anastomoses are formed within 
the muscle between the territories of each artery. This pattern 
is typical of the soleus. 


The blood supply arises from a single main artery that enters 
the belly of the muscle and subsequently forms a radiating 
pattern of collaterals, as in the biceps brachii. 


In muscles like the tibialis anterior, a pattern of anastomosing 
arcades is derived from a series of penetrating arteries. This 

vascular pattern is considered to be the most efficient form of 
vascularization. 


A less efficient form of the anastomosing arcade pattern is the 
rectangular pattern of anastomoses formed by a series of 
penetrating arteries. This so-called quadrilateral pattern is 
seen in the extensor hallucis longus muscle. 


Once a main artery enters the muscle substance, it branches into a 
number of primary intramuscular arteries that ramify in the 
epimysium and perimysium. The primary arteries, with a diameter 
which ranges from 80 to 360 Aum, give rise to numerous 
secondary arterioles that run parallel to the direction of the 
muscle fibers. The secondary arterioles often connect to primary 
arteries, forming artery-to-artery anastomoses. The secondary 
arterioles, which range in diameter from 50 to 100 Aum, typically 
have a thin adventitia composed of fibroblasts and collagen. The 
Smooth muscle coat is much thinner than that of the primary 
arteries, usually having only two to three layers of cells. The 
internal elastica is prominent and continuous. The secondary 
arterioles branch to form terminal arterioles, which measure 15 to 


50 Aum in diameter. Their smooth muscle coat is usually only one 
layer of cells. The internal elastica becomes discontinuous and is 
lost in smaller vessels. The distal portions of the terminal 
arterioles have precapillary sphincters, which are formed from the 
smooth muscle cells of the media. These sphincters are found in 
blood vessels with an inner diameter of less than 15 Aum. Footlike 
processes between the smooth muscle cells and the endothelium 
may be seen in the region of the sphincters. 


As in other tissues, the arterioles end in an elaborate system of 
capillaries. In contrast to most other organs, in muscle a relatively 
small number of capillaries are open at rest (31). During muscle 
activity there is a considerable increase in the number of open 
capillaries. A marked difference in capillary density is observed in 
different muscles, as well as in trained versus untrained subjects. 
Studies of capillary density reveal that the average single muscle 
fiber is surrounded by 1.7 capillaries (32). Capillary density may 
also be expressed as the number of capillaries per fiber, which on 
average in cross sections is 0.7. 


The density of capillaries also reflects oxygen consumption within 
muscle. Therefore increased numbers of capillaries are evident 
where larger numbers of type 1 fibers are present. This 
phenomenon is less evident in humans than in animals such as the 
cat, in which muscles are composed chiefly or totally of one fiber 
type. Thus in the cat soleus muscle, which is composed almost 
entirely of type 1 fibers, the density of capillaries is 1,600 per 
mm. In the gastrocnemius, a muscle with far fewer type 1 fibers, 
the capillary density is 600 per mm? (33). The capillaries within 
Skeletal muscle travel primarily in a longitudinal direction, 
although they are frequently linked by short transverse branches. 


Ultrastructurally, capillaries are composed of endothelial cells 
surrounded by a basement lamina. Occasional pericytes are 
encountered outside the basement membrane. Endothelial cells 
typically contain numerous pinocytotic vesicles. Where endothelial 


cells are joined, they lack tight junctions. Hence the capillary 
endothelium is freely permeable to tracers such as horseradish 
peroxidase. The capillary pericytes are essentially smooth muscle 
cells that contain large numbers of filaments. The pericytes are 
innervated by small-diameter unmyelinated nerve fibers. The 
basement membrane (which lies between the endothelium and 
pericytes) measures 20 to 30 nm, although some thickening and 
reduplication of the basal lamina occurs in older patients. 


The nerve supply to individual skeletal muscles often enters the 
surface of the muscle at the belly and is accompanied by one or 
more major penetrating arteries. Within the main nerve trunk are 
myelinated and unmyelinated axons. Contributions to the nerve 
are made from myelinated efferent motor fibers that innervate the 
muscle fibers; somatic afferent sensory fibers from muscle 
Spindles, Golgi tendon organs, and Pacinian corpuscles; and 
unmyelinated autonomic efferent fibers. At least 50% of the fibers 
are sensory in function. The motor fibers that innervate the 
myofibers demonstrate a bimodal size distribution. The large 
diameter [+ fibers innervate fast motor units, while the /? fibers 
are distributed to slow motor units and some intrafusal fibers of 
the muscle spindle. The very small diameter Î? fibers supply the 
remainder of the muscle spindle fibers. The large motor fibers are 
relatively uniform in diameter, measuring between 10 and 15 Aum. 
The small motor fibers vary from 2 to 7 Aum in diameter. 


As the distal motor axon approaches the muscle fiber, it is 
transformed into the terminal axon, which represents the proximal 
portion of the neuromuscular junction, or motor endplate (MEP). 
The neuromuscular junction, measuring about 50 Aum in diameter, 
is Composed of the presynaptic (PRS) portion or terminal axon and 
the postsynaptic (POS) portion, which is formed by a unique region 
in the muscle fiber (Figure 8.3). The PRS and POS domains are 
separated by a specialized, 50-nm wide intercellular space, the 
synaptic cleft. 


The myelinated motor nerve terminates at the PRS region as an 
unmyelinated axonal segment that is enveloped 


by the teloglia, the distal projections of Schwann cells. The 
terminal axon and teloglia are covered by a layer of endoneurium, 
the sheath of Henle, which becomes continuous with the 
endomysium of the muscle fiber in the area of MEP. Numerous 
synaptic vesicles, each 45 to 50 nm in diameter, are found in the 
terminal axon. The vesicles are most plentiful around thickened 
zones of increased electron density at the presynaptic membrane. 
Studies utilizing freeze-fracture electron microscopy have 
demonstrated that parallel pairs of double rows of 
intramembranous particles, measuring 10 nm in diameter, are 
located at these electron dense zones (34). The particles are 
considered to represent voltage-sensitive calcium channels known 
as active zones. 


Figure 8.3 Electron micrograph of motor endplate (MEP). 
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Ultrastructurally, the MEP consists of a terminal axon and a 
postsynaptic region formed by a Specialized portion of the 
muscle fiber. The surface of the fiber is undulating, 
representing the postjunctional folds. 


At the POS region of the muscle fiber, the cell surface is elevated 
to form the hillock of DoyA”re, or sole plate. Within the sole plate, 
the sarcoplasm is granular, and a cluster of sarcolemmal nuclei is 
often seen. Nuclei in this location are plump and vesicular. The 
terminal axon ramifies in the sole plate as a series of branches 
called telodendria, which indent the surface of the fiber, producing 
gutters or troughs. The surface of the fiber at the MEP is 
undulating and redundant, creating the complex of postjunctional 
folds that can be demonstrated by supravital staining as the 
Subneural apparatus of Couteaux. The spaces between the folds 
denote the secondary synaptic clefts. As a result of the formation 
of these clefts, the surface area of the POS membrane is increased 
to approximately 10 times the surface area of the PRS. The 
postsynaptic membrane of the folds is thicker and more densely 
stained at the crests than in the depths of the clefts. By electron 
microscopy, the juxtaneural membrane at the crests of the folds 
contains irregularly spaced densities measuring 11 to 14 nm in 
diameter. In freeze-fracture preparations, on the P face of the 
membrane, the crests are studded with rows of particles that are 
similar in size to these densities (about 10 nm) (35). These large 
intramembranous particles are considered to represent the 
acetylcholine receptor, a pentameric 275 KDa glycoprotein (36). 


Light Microscopy 


Familiarity with the normal structure of skeletal muscle provides a 
useful background for the pathologist in the evaluation of muscle 
biopsies. Other sources offering a more comprehensive discussion 
of the light microscopy, histochemistry, and electron microscopy of 


normal muscle than is possible here are found in the literature 
(37,38,39,40,41,42,43,44,45,46,47,48). The muscle fiber is a 
multinucleated, syncytial-like unit shaped like a long, narrow 
cylinder. The normal adult myocyte is not perfectly round but is 
polygonal, producing a multi-faceted profile in cross section. The 
nuclei are usually located subsarcolemmally, numbering four to six 
per cell when sectioned transversely. For each millimeter of fiber 
length, there are approximately 30 nuclei (49). In routine sections 
the sarcolemmal nuclei are slender and flat, with an orientation 
that is parallel to the long axis of the fiber. These nuclei measure 
5 to 12 Aum in length and 1 to 3 Aum in width. Their chromatin is 
fine and dustlike. The nucleoli are small and not visible in many 
fibers. In paraffin sections stained with H&E, the sarcoplasm is 
light pink and textured in cross sections (Figure 8.4). In frozen 
sections that are often routine in biopsies submitted for diagnosis, 
muscle tissue is stained with Gomori's rapid trichrome (RTC). Here 
the fibers and connective tissue stain green while nuclei are blue- 
black. In some cases the mitochondria can be identified, especially 
in 
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type 1 fibers, as tiny red granules within the sarcoplasm (Figure 
8.5A). The cross-striations must be viewed in longitudinal sections 
and are difficult to see in any detail without special stains. They 
are best demonstrated in PAS and PTAH stains or in resin- 
embedded material where alternating dark and light bands are 
evident (Figure 8.6). The diameter of fibers is determined by 
several factors (see the section entitled Gender, Training, and 
Aging). 
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Figure 8.4 Cross section of muscle. The sarcoplasm is 
textured and the sarcolemmal nuclei are peripheral in location 
(H&E). 


Figure 8.5 A. Reverse trichrome stain. Mitochondria appear as 


red granular areas, especially prominent in the 

subsarcolemmal regions of the fiber. B. Normal muscle. In the 
standard ATPase reaction, type 1 fibers are light and type 2 
fibers are dark (ATPase, pH9.4, eosin counterstain). C. Normal 
muscle. In oxidative enzyme reactions, type 1 fibers are very 
dark, and type 2 fibers are intermediate or light in staining 
intensity (NADH-TR). D. With PAS stain, variable staining of 
fibers reflects glycogen content and crudely approximates fiber 
type distribution (PAS). 


Proximal muscles, where power rather than finely coordinated 
movement is required, have a fiber population with a larger mean 
diameter (85a€“90 Aum), while those of smaller, distal, and ocular 
muscles are composed of thinner fibers (20 Aum). Fiber size in 
males exceeds that in females, probably in part because of 
androgenic hormonal influences and more strenuous physical 
demands. In both genders, exercise promotes fiber hypertrophy. 
Muscle fibers are smaller in children and in the elderly than in 
young active adults, although comprehensive normative data at 
these ages are not easy to find (50,51,52). 


Red muscle, having a larger mitochondrial and lipid content and 
higher capillary density, depends on aerobic respiration and is 
designed for postural function or sustained activity. The color of 
red muscles is actually due to relatively greater myoglobin content 
than white muscles, which contain fewer mitochondria but 
abundant glycogen, rendering it better suited to anaerobic 
respiration and to sudden and intermittent contraction. In 
vertebrates, particularly in birds, red (e.g., soleus) can easily be 
distinguished from white (e.g., pectoralis) muscles upon external 
inspection, since an entire muscle in such species may be 
composed of either red or white fibers. Human muscles, on the 
other hand, contain both fiber types, which typically assume a 
mixed mosaic arrangement reminiscent of checkerboard. 


Depending on anatomic location and function, the proportion of 
type 1 and type 2 fibers varies, but a typical muscle contains 
approximately twice as many type 2 fibers (60a€“65%) as type 1 
fibers (35a€“40%). 


The demonstration of the histochemical properties of the muscle 
fibers comprising a biopsy, which is known as 
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fiber typing, is accomplished by applying histochemical techniques 
(Table 8.1). Fiber typing is not possible in routine H&E-stained 
slides and is only appreciated in using histoenzymatic reactions 
performed on frozen sections. In our laboratory, two 
complementary histochemical procedures are employed for the 
detection of fiber types. The most reliable method for this purpose 
is the myofibrillar ATPase reaction. By changing the pH during the 
procedure, a spectrum of staining reactions can be produced. In 
the standard or alkaline ATPase reaction, which is conducted at a 
pH of 9.4, two fiber types are seen. Type 2 fibers are dark in 
staining intensity, whereas type 1 fibers are pale (Figure 8.5B). 
Fibers of intermediate staining intensity are not observed in the 
alkaline incubation. 


Figure 8.6 Resin section. Sarcomere pattern is shown in 
longitudinal section (toluidine blue). 


Table 8.1 Fiber Typing 


Stain/ Reaction Type 1 Fibers Type 2 Fibers 


ATPase, pH 9.4 Light Dark 
NADH-TR Dark Light 
PAS/phosphorylase Light Dark 
Oil red O Dark Light 


If the pH of the incubating solution is brought into the acidic range 
(pH 4.6) in what is sometimes known as the reverse ATPase 
reaction, two populations of type 2 fibers emerge. Type 2A fibers 
are virtually unstained and type 2B fibers are intermediately 
stained, while type 1 fibers are extremely dark. All the oxidative 
enzyme reactions, like the NADH-TR used in our laboratory, 
merely reflect the mitochondrial content of the muscle fibers. 
Intensely stained fibers are designated as oxidative (type 1) and 
lighter fibers as type 2 (Figure 8.5C). Most oxidative enzyme 
reactions further subdivide type 2 fibers into two categories. Type 
2B fibers are poorly stained in contrast to type 2A fibers, which 
exhibit a staining intensity that is intermediate between type 1 
and 2B. Although all muscle fibers contain glycogen and the 
companion enzyme phosphorylase, they are more abundant in type 


2 (glycolytic) fibers. The PAS stain, a crude method of detecting 
glycogen, and the histochemical reaction for phosphorylase can be 
used as a means of fiber typing (Figure 8.5D). However, staining 
with these techniques is not totally reliable for fiber typing. We 
only use the phosphorylase reaction to investigate possible cases 
of enzyme deficiency (McArdle's disease). Type 1 fibers are rich in 
lipid, which can be visualized in fat stains such as the oil red O 
(Figure 8.7); but, like the PAS stain, fat stains are not as reliable 
for fiber typing as are enzyme reactions. 


Striated muscles are partitioned into fascicles, each of which is 
invested by a connective tissue sheath known as the perimysium. 
Within this sheath, the intramuscular nerves, primary arteries, 
secondary and terminal arterioles, and veins travel throughout the 
muscle. At the innervation zone in the belly of the muscle, 
intramuscular nerve bundles or twigs are especially numerous 
(Figure 8.8). Up to 10 myelinated nerve fibers may be present in 
an individual twig, which is surrounded by a thin mantle of 
perineurial connective tissue. The myelinated nerve fibers are 
perhaps best demonstrated in trichrome-stained sections, 
preferably the RTC, in which the bright reda€“colored myelin 
sheaths resemble doughnuts surrounding the unstained axons. 
Tangential sections of twigs may be mistaken for areas of focal 
fibrosis or abnormal vascular structures. The perimysium is a 
framework that lends stability to the fascicles, in part by its 
attachment to the epimysium. The epimysium forms septa that 
sequester groups of fascicles, as well as the fascia that encircles 
the entire muscle and merges with the dense collagenous 
connective tissue of the tendons. 


Figure 8.7 Lipid content of fibers is demonstrated with oil red 
O stain. Oxidative fibers have a more dense lipid concentration 
(oil red O). 


Within each fascicle, the perimysium gives way to a normally 
unobtrusive network, the endomysium. Each muscle fiber may 
appear to be partly or completely invested by endomysium, a 
mesenchymal matrix composed of collagen, 


elastic, and reticulin fibers that support the preterminal arterioles 
and capillary blood supply to the fascicles. Where the muscle- 
tendon junction has interdigitations of the cell membrane, the 
interface is enlarged, transferring tension into shear stress. Two 


transmembrane proteins, the dystrophin-glycoprotein complex and 


{+7121 integrin, are especially abundant at the myotendinous 
junction (53). It is believed that the dystrophin-glycoprotein 
complex maintains the integrity of the sarcolemma while Î+7Î21 
integrin, a receptor for laminin-2, plays a role in the organization 
of the basement membrane at the myotendinous junction. At the 
interface between muscle and either fascia or tendon, the muscle 


fibers become variable, often small in size, and internal nuclei are 
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more abundant. As they attach to the tendon or fascia, the fibers 
are separated by dense collagenous trabeculae (Figure 8.9). Since 
the normal histology of these regions may easily be misinterpreted 
as evidence of pathologic change, the muscle biopsy should be 
obtained from the belly of the muscle, avoiding the tendinous 
insertions. A deep rather than a superficial biopsy is preferred to 
avoid the fascia. 


Figure 8.8 Intramuscular nerves. Nerve twigs contain axons 
surrounded by red-staining myelin sheaths (trichrome). 


Several specialized structures are found within the connective 
tissue supporting framework. Muscle spindles, first described by 
Hassal and later by Kolliker were once considered to be a 
pathologic finding (54). Spindles are now known to be 
mechanoreceptors that sense the length and tension of skeletal 
muscle, governing integrated muscle activity. Although they are 
encountered in virtually all muscles, they are more frequently 
detected in smaller muscles devoted to finely coordinated 


activities, such as those of the hand. They are more numerous in 
distal than in girdle muscles. Quantitative studies have shown that 
70 to 100 muscle spindles may be located in an individual muscle. 
Muscle spindles tend to lie in the deeper portions of the muscle, 
particularly in the muscle belly. They are often found where type 1 
fibers are more plentiful. 


Figure 8.9 Tendinous insertion. At the interface, the muscle 
fibers normally vary in size and are partly surrounded by 
connective tissue (trichrome). 


As the name implies, muscle spindles are fusiform in shape with a 
swollen center and tapering ends. They measure 3 to 4 mm in 
length and 200 Aum in diameter. A thin fibrous capsule represents 
the outer boundaries of the muscle spindle. The capsule is an 
extension of the perimysium, where spindles are usually located. 
In certain muscles such as those of the eye, face, and mouth, the 
capsule merges with the perimysium and is somewhat indistinct. 
The capsule is composed of 10 to 15 layers of flattened pavement 
cells that are specialized fibroblasts. The pavement cells are 


tightly adherent and separated only by thin layers of delicate 
collagen fibrils. The pavement cells are epithelial-like in that each 
is Surrounded by a basement membrane. As one proceeds from the 
equatorial region of the spindle toward the poles, the number of 
layers of pavement cells progressively diminishes. 


Within the capsule are 3 to 15 intrafusal fibers in the typical 
muscle spindle (Figure 8.10). Generally the number of intrafusal 
fibers is less in small muscles than in larger axial muscles. Two 
distinct populations of intrafusal fibers are found, both of which 
are smaller in diameter than the extrafusal fibers. The larger bag 
fibers, usually one to three per spindle, measure about 20 Aum in 
diameter. The chain fibers number two to seven per spindle, with a 
diameter of 10 Aum or less. The bag fibers are longer, sometimes 
extending beyond the polar ends of the capsule. They measure 4 
to 8 mm in length. The chain fibers are shorter, measuring 2 to 4 
mm. The bag fibers are recognized in the equatorial region of the 
spindle by the presence of large aggregations of nuclei. Away from 
the equatorial region, the nuclei remain internal or central in the 
bag fibers but are far less numerous. The smaller chain fibers are 
distinguished by a row of central nuclei, which extends along the 
length of the fiber. In histochemical stains, there are two types of 
bag fibers. Bag 1 fibers reveal considerable oxidative enzyme 
activity and are pale in ATPase reactions. On the other hand, bag 
2 fibers, which also have high oxidative enzyme 
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activity, reveal intermediate staining in ATPase reactions. Chain 
fibers, although they possess high oxidative enzyme activity, stain 
darkly in ATPase reactions and are considered by many to be type 
2 fibers (55). 


Figure 8.10 Muscle spindle. A fibrous capsule encloses a 
nerve twig and several intrafusal fibers, which are normally 
smaller than the extrafusal fibers (trichrome). 


The innervation of muscle spindles, which is both motor and 
sensory, is complex and will only be summarized here (56). The 
intrafusal efferent fibers are derived from branches of [2 and [3 
efferent axons. The i? axons appear to terminate primarily on 
nuclear bag fibers. The [3 fibers supply both nuclear bag and chain 
intrafusal fibers. It is not uncommon for intrafusal fibers to have 
polyneural innervation. Two types of sensory innervation are seen 
in the muscle spindle. The larger diameter group la afferent fibers 
emanate from the equator. They originate as the annulospiral 
endings, a series of neural coils and spirals that attach to the 
nuclear bag and chain fibers. Smaller diameter group Il afferent 
fibers come from the paraequatorial regions of the spindle and are 
associated mainly with the so-called flower spray endings of 
Ruffini. The majority of these endings project from the nuclear 
chain fibers. The secondary, or flower spray, endings consist of a 
branching network that enwraps the intrafusal fiber between its 


polar and equatorial regions. 


The Golgi tendon organ is an encapsulated sensory nerve terminal 
that is located at the junction of muscle with tendon or 
aponeurosis. The location of these structures allows them to sense 
changes in muscle tension. They have an inhibitory function in the 
event of strong muscle contraction. These fusiform structures 
measure about 1.5 mm in length and 120 Aum in diameter. They 
consist of one or more fascicles of collagen fibrils that are 
attached to tendon or aponeurosis and enveloped by a 
multilamellar capsule (Figure 8.11). Each structure is connected to 
20 to 30 muscle fibers. The Golgi tendon organ is innervated by a 
myelinated Ib afferent axon, measuring 7 to 15 Aum in diameter. 
The afferent nerve typically divides and arborizes around the 
individual collagen bundles. 


Pacinian corpuscles are distributed widely in the subcutaneous 
tissues of the body, although they may also be encountered within 
the muscular fascial planes and adjacent to tendons or 
aponeuroses. They are seldom seen within muscle tissue itself. In 
the center of the pacinian corpuscle is a central rodlike nerve 
terminal innervated by fast-conducting group | or II afferent 
axons. The central axon is surrounded by a capsule composed of 
concentric layers of cells (Figure 8.12). The elongated cells 
forming the capsule are surrounded by basal lamina and separated 
by fine collagen fibrils. Pacinian corpuscles are receptor organs 
that are sensitive to vibration. 


Ultrastructure 


The ultrastructural examination of skeletal muscle is 
conventionally performed on sections oriented longitudinally, 
wherein deviations from the orderly striated architecture are more 
easily detected than in cross sections. The sarcoplasm of each 
muscle fiber is divided into multiple parallel subunits, the 
myofibrils, which are minute, cylindroid contractile structures 


measuring approximately 1 Aum in diameter. Myofibrils are 
segmented into a series of identical sarcomeres that are equal in 
length, whether the muscle is contracted or at rest, and are 
aligned in register with the sarcomeres of surrounding myofibrils. 
The unique periodicity of the fine structure of the muscle fiber is a 
function of the regimentation of this contractile system. The 
rectangular 


banding pattern within each sarcomere is produced by the 
arrangement of the filaments (Figure 8.13). The Z band, which 
forms the lateral boundaries of the sarcomere, is an electron- 
dense bar-shaped structure oriented perpendicular to the long axis 
of the myofibril. The distance between consecutive Z bands 
represents the sarcomere length, an average of 2.5 to 3.0 Aum. 
The | bands are the most electron-lucent portions of the 
sarcomere and stand in dramatic contrast to the dark Z bands that 
bisect them. The | bands are shorter in length than the moderately 
dense A bands located at the center of the sarcomeres. Within 
each sarcomere are stacks of parallel filaments that, under the 
electron microscope, appear to be of two types. The thicker 
filaments measure 15 nm in diameter and are principally composed 
of myosin. The thinner filaments, containing chiefly actin, are 8 
nm in diameter. The thin filaments are attached to the Z band and 
extend across the | band, where only thin filaments are found. 
They penetrate the A band in which alternating thick and thin 
filaments are visualized. Thick filaments on the other hand, are 
restricted to the A band region of the sarcomere and determine its 
length. 
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Figure 8.11 Golgi tendon organ. Fascicles of collagen 
surrounded by several nerve bundles (resin section, toluidine 
blue). 


Figure 8.12 Pacinian corpuscle. A central nerve terminal is 


surrounded by a capsule composed of concentric layers of cells 
(H&E). 


Figure 8.13 Ultrastructurally, the several myofibrils can be 
seen in register. Each is composed of a series of sarcomeres 
that contain A, |, and Z band regions (EM). 


The sarcoplasmic organelles are more concentrated around the 
sarcolemmal nuclei and between the myofibrils. The mitochondria 
are somewhat variable in shape and size, although the majority 
are oval or elliptical in configuration and 1.0 Aum in greatest 
dimension. They are most easily recognized adjacent to the Z 
bands where their long axes are parallel to those of the myofibrils. 
Both mitochondria and lipid vacuoles are more conspicuous in 
oxidative fibers. 


Glycogen, composed of granules with a diameter of 15a€“30 nm, is 
more abundant in glycolytic fibers, particularly in the | band region 
of the sarcomere. The sarcoplasmic reticulum (SR) and the 
transverse (T) tubules together comprise the sarcotubular 
complex. The SR, which is analogous to the endoplasmic reticulum 
of other cells, is an elaborate system of tubules that, by branching 
in all directions, surrounds the myofibrils. In contrast to the SR, 
which has no communication with the extracellular space, the T 
tubules arise as invaginations from the cell membrane. They are 
observed at regular intervals along the length of the fiber, 
particularly at the junction of the A and | bands. The T tubules 
encircle the myofibrils and are disposed in a predominantly 
transverse direction. Branches of the sarcotubular complex join 
together as triads at the A-I band junctions. Here, pairs of 
terminal cisterns derived from the SR are positioned on either side 
of a central T tubule. In this location, the SR tubules appear as 
hollow, membrane-bound profiles, while the T tubules are 
somewhat more electron dense. 


Satellite cells are a population of myoblastic stem cells that are a 
source of nuclei during muscle growth, particularly hypertrophy. 


Satellite cells also have the capacity to synthesize new muscle 
after myocyte injury. These primitive, indeterminate cells can, 
under appropriate circumstances, be transformed into blastic 
elements that serve as an important source of fiber regeneration. 
Satellite cells represent approximately 10% of the myonuclei seen 
in cross sections of muscle. There is a decline in the number of 
satellite cells as a result of the aging process so that they 
constitute only 2 to 3% of myofiber nuclei in older individuals. 
Satellite cells are small, mononuclear, fusiform cells that are 
situated beneath the basement membrane of neighboring muscle 
fibers (57). They cannot be reliably distinguished from the muscle 
fiber nuclei under the light microscope. Satellite cells are not 
randomly distributed along the length of the muscle fiber and are 
more numerous in certain locations such as the sole plates of the 
neuromuscular junction and the polar regions of the muscle 
Spindles. Ultrastructurally, the nuclei of satellite cells differ 
somewhat from the nuclei of muscle fibers. They are more 
elongated, their nuclear chromatin is peripherally dense, and 
nucleoli are lacking. The satellite cell nuclei are usually 
asymmetrical within the cytoplasm, which contains only a few 
filaments without evidence of sarcomere formation. The 
sarcoplasm also contains free ribosomes, microtubules, and 
centrioles, which may be associated with cilia. 
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Where the cell membranes of the satellite cell and muscle fiber are 
opposed, numerous pinocytotic vesicles are seen. 


Special Techniques 


Perhaps more than any other tissue, skeletal muscle in humans 
has been studied using a wide variety of specialized techniques, in 
part because human muscle biopsies are frequently collected in 
such a way as to make both fresh, unfixed tissue and material for 
special studies available. In addition to routine histochemical 
methods that are focused primarily on the identification of fiber 


types, a number of other histochemical procedures have been 
employed for the study of both normal and abnormal skeletal 
muscle. An array of histochemical techniques have been developed 
to provide greater understanding of muscle metabolism 
(37,39,40,46). Among these are histochemical techniques to 
identify various enzymes involved in glycoge metabolism and 
glycolysis. Familiar examples are histochemical stains for 
phosphorylase and _ phosphofructokinase. Other histochemical 
procedures have been developed to study mitochondrial function. 
The most widely used is the histochemical stain for cytochrome 
oxidase. In the workup of human disease, histochemical analysis 
of muscle tissue can be supplemented by biochemical analysis, 
specifically when histochemical techniques are unavailable. It is 
also best, whenever possible, to confirm histochemical findings 
with biochemical studies. Biochemical analysis has been 
particularly useful in the study of mitochondrial disease, examining 
such parameters as the respiratory chain. Molecular techniques 
are being used with increasing frequency in elucidating normal 
muscle development as well as muscle disease. A number of 
abnormal conditions can now be diagnosed using molecular 
Strategies. These include Duchenne dystrophy and other 
dystrophinopathies (58) and certain mitochondrial disorders in 
which there is a defect in the mitochondrial genome (59). As 
mentioned above, it seems likely that the genes that are being 
discovered in developmental biology one day will contribute to our 
understanding and diagnosis of muscle disease. 


Several techniques have been adapted for the study of 
intramuscular blood vessels. For example, capillaries are 
particularly well seen in histochemical procedures for alkaline 
phosphatase. Capillaries are also nicely demonstrated in 
immunohistochemical stains for factor VIII. 


Immunohistochemistry is an emerging field in pathology that has 
begun to find a niche in the study of muscle. As already described, 
muscle fiber typing can be done in frozen sections using 


histochemical stains such as ATPase. Antibodies to fast and slow 
myosins are now available for the identification of type 1 and type 
2 muscle fibers in fixed tissue (Figure 8.14) (60). It is also 
possible to subdivide type 2 fibers into types 2A and 2B using 
myosin antibodies. Fibers undergoing regeneration can be detected 
by immunohistochemical methods. Regenerating fibers contain 
fetal myosins and react using antibodies to vimentin and desmin. 
Recently visualization of the membrane-associated proteins, 
dystrophin, and the family of sarcoglycans (i+-i’), has become 
practical (Figure 8.15). Antibodies to dystrophin, as well as to 
some of the dystrophin-associated glycoproteins, permit the 
diagnosis of Duchenne dystrophy, selected other 
dystrophinopathies, and the some of the limb girdle muscular 
dystrophies (61). In fact, it is now possible to identify an array of 
myopathies using immunohistochemistry to study disease-related 
proteins (Table 8.2). 


Figure 8.14 Checkerboard pattern is seen with dark type 2 
fibers and pale type 1 fibers (immunostain for fast myosin). 


The nerve supply to muscle, including the intramuscular nerve 
twigs and MEPs, cannot be adequately studied in routine samples. 
The anatomic location of nerve endings and endplates is variable, 
depending on the muscle selected. They may be restricted to a 
narrow band across the muscle, or they may be more widely 
distributed throughout the 
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muscle tissue. Some investigators prefer to biopsy shorter 
muscles, maximizing the chance of finding the intramuscular 
nerves. The external intercostal muscle has been used for this 
reason. Many limb muscles have a single band of terminal motor 
innervation that corresponds to the so-called motor point. The 
motor point can be identified with the use of an electrical 
stimulator. After the administration of local anesthesia and incision 
of the skin, the muscle is stimulated using a metallic electrode 
before any tissue is removed. The nerve endings can be located at 
sites where a single fascicle rather than the whole muscle 
contracts after stimulation with a very weak current. Once the 
innervation zone is established electrically, the biopsy is removed. 
Using a variety of techniques, different portions of the muscle 
innervation can be subsequently evaluated. 


Figure 8.15 Sarcolemmal regions are darkly stained 
(immunostain for dystrophin). 


Table 8.2 Immunohistochemical Identification of Proteins 
in Skeletal Muscle Disease 


Protein Muscle Disease 


Dystrophin Duchenne muscular dystropy; Becker type 
muscular dystrophy 


Lamin A/C LGMD 1B 


Dysferlin LGMD 2B 


Sarcoglycans LGMD 2C-2F 


Fukutin Congenital muscular dystrophy 


Merosin Congenital muscular dystrophy 


Tropomyosin Nemaline myopathy 


Myotubulin Centronuclear myopathy 


Desmin Desmin storage myopathy 


LGMD, limb girdle muscular dystrophy 


Vital staining with methylene blue has been used to demonstrate 
the intramuscular nerve twigs as well as the endplates (62). This 
technique requires that the muscle be injected with a methylene 
blue solution before the muscle sample is actually taken. An 
undesirable complication of this technique is muscle pain, which 
many patients experience during the injection of the dye. In order 
to preserve the staining of the nerve endings, the biopsy must be 
oxygenated for one hour. This technique is obviously complicated 
and not recommended for most laboratories. A simpler but less 
elegant technique for the demonstration of nerve twigs is the 
staining of muscle with silver methods such as Bodian's stain. The 
postjunctional portion of the endplate can be stained 
histochemically for acetylcholinesterase activity (63). The reaction 
product is not restricted to the postjunctional membrane, and 
consequently this is a relatively crude method of studying 
endplates. 


More precise methods of studying endplates involve the use of Î+- 
bungarotoxin and freeze-fracture electron microscopy. Alpha- 
bungarotoxin is derived from cobra venom and binds specifically 
with the actelycholine receptor. Immunoperoxidase techniques 
using [+-bungarotoxin allow direct ultrastructural visualization of 
the postjunctional region of the MEP (64). With the use of freeze- 
fracture preparations, both the active zones of the presynaptic 
membrane and the acetylcholine receptors of the postsynaptic 
membrane can be studied in greater detail (65). In certain rare 
disorders of the neuromuscular junction, freeze-fracture 
microscopy may be a useful ancillary diagnostic tool. 


The nearly crystalline arrangement of filaments within muscle 
fibers renders them a suitable subject for x-ray diffraction studies. 
Diffractograms have provided considerable insight into the 
architecture and structure of the myofilaments (66). A major 
advantage of x-ray diffraction is its application to living muscle 
cells. Recently x-ray diffraction has been enhanced by the use of 
increasingly powerful x-ray sources and electronic signal detectors 
that have replaced photographic film. Reflection signals from a 
living muscle fiber can be adjusted to reveal equatorial reflections 
from the regular lateral spacing of the filaments or meridional 
reflections originating from the arrangement of subunits in the 
direction of the fiber axis, depending on the angle of the 
diffractogram and the camera light. 


Finally, morphometric analysis of muscle tissue is indicated in the 
event that normal or abnormal findings, such as variations in fiber 
diameters, are minimal and subtle. In the past, morphometry has 
been performed manually, using an eyepiece micrometer, but this 
procedure is time-consuming and tedious. More recently, it has 
been possible to conduct sophisticated morphometric analysis 
electronically, using a computer-assisted image analyzer (67). 
Automated image analysis can be adapted for quantitative 
measurements on photographs of microscopic sections, but 
systems also exist for totally automated analysis of images taken 


directly from microscopic slides or other types of tissue 
preparations. 


Function 


Muscle has at least two major functions. In addition to the obvious 
role in locomotion, skeletal muscle is also an important participant 
in general protein metabolism. The reader will recall that muscles 
are a significant repository of protein for many systemic metabolic 
requirements. Protein metabolism depends upon a number of 
factors in a healthy person. These include the rate of protein 
synthesis and breakdown, which in turn are determined by diet, 
hormonal influences, growth, and muscular activity. In general, 
protein synthesis and degradation are governed by the dietary 
intake of amino acids. 


However, the aspect of muscle function that is most familiar 
relates to contraction, subsequent movement, and locomotion. It 
is this aspect of skeletal muscle function on which we will 
concentrate. When a muscle undergoes 
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contraction, it usually exerts force on a movable structure. 
Isotonic contraction refers to movement that changes the lengths 
of muscle fibers. If movement does not take place and fiber 
lengths do not shorten, the contraction is considered to be 
isometric. The sustained activity of the calf muscles, which do not 
change length while a person is standing erect, exemplifies 
isometric contraction. As a rule, a single muscle does not act alone 
functionally. The coordinated actions of several muscles are 
usually necessary in the performance of movement. The prime 
movers are those muscles directly responsible for the desired 
motion. Antagonists, muscles with opposite action, control the 
smoothness of the motion. Sometimes agonists and antagonists 
contract together to stabilize the joint. 


An understanding of muscle contraction is predicated on the 


concept of the motor unit. In simple terms, the motor unit consists 
of the anterior horn cell that resides in the spinal cord, its motor 
axon, the intramuscular branches of the main axon (nerve twigs), 
and the muscle fibers innervated by the twigs. Each motor unit 
consists of an average of 50 to 100 muscle fibers. The interface 
between each muscle fiber and its terminal axon is the motor 
endplate or neuromuscular junction. 


There are at least seven critical steps in the process of muscle 
contraction, each of which will be briefly described (68). 


e The first step is initiated by the excitation and discharge of the 
motor neuron or anterior horn cell within the spinal cord. The 
neuronal discharge is associated with a nerve impulse, or 
action potential, that is propagated along the axon to its 
terminal. Nerve conduction is an active process so that the 
impulse travels along the nerve at a constant amplitude and 
velocity. The impulse is due to a change in ion concentration 
across the cell membrane that ultimately depends upon 
alterations in membrane ion channels. Commensurate with 
depolarization, the voltage-gated sodium channels open, 
permitting a massive influx of sodium ions. 


It is useful to remember that the neuromuscular junction 
consists of presynaptic (PRS) and postsynaptic (POS) regions 
that are separated by a narrow, intercellular synaptic cleft. 
The process of neuromuscular transmission is heralded by a 
depolarization of the PRS axon terminal of the motor nerve, 
which promotes an elevation of intracellular calcium. Calcium 
ions gain access to the axoplasm through calcium channels in 
the PRS membrane. In turn, the synaptic vesicles, which 
contain acetylcholine (ACh), fuse with the axon membrane. 
This fusion is calcium dependent and leads to a release of ACh 
into the extracellular space. 


e Acetylcholine molecules then cross the synaptic cleft and bind 


to the nicotinic acetylcholine receptors (AChR) on the POS 
membrane of the muscle fiber. The binding of ACh to the AChR 
increases the sodium and potassium conductance of the muscle 
membrane. As a result, there is an influx of sodium ions that is 
accompanied by a depolarizing potential, representing the 
endplate potential. 


The motor endplate potential is transmitted along the entire 
muscle fiber surface to initiate the contractile response. Since 
the T tubules are an extension of the sarcolemma, 
depolarization spreads along the T tubules, which ramify within 
the sarcoplasm. Depolarization of the transverse tubular 
membrane activates the SR by means of the dihydropyridine 
receptors. These are voltage sensors that respond to the T 
tubule action potential. They are located next to the calcium 
channels in the T tubule membranes that trigger the release of 
calcium from the adjacent SR. Calcium is released from the SR 
through specific calcium channels known as_ ryanodine 
receptors (69). 


Once calcium is released from the SR, it rapidly diffuses 
through the sarcoplasm. Calcium ions initiate contraction by 
binding to troponin C. In muscle at rest, troponin | is tightly 
bound to actin so that tropomyosin covers the sites where 
myosin can bind to actin. This troponin-tropomyosin complex 
inhibits the interaction between actin and myosin filaments. 
When calcium ion binds to troponin C, tropomyosin is displaced 
laterally, uncovering the binding sites for the myosin heads. 


The molecular basis of muscle contraction involves the 
shortening of the contractile elements resulting from a sliding 
of the thin filaments across the thick filaments. The sliding of 
actin and myosin filaments occurs when the myosin heads bind 
to actin to form a crossbridge. X-ray crystallography has 
revealed that each myosin head has an actin-binding site and 
an ATP-binding site. The site that binds ATP is cleftlike; but, 


when ATP is bound and hydrolyzed by ATPase, the 
conformation of the myosin head changes, and the cleft 
appears to close. During this conformational change, the 
rotation of the angle of the crossbridge produces a movement 
called the power stroke, which advances the myosin filaments 
along the actin molecules. Every power stroke shortens the 
muscle approximately 1%. During contraction, numerous 
power strokes occur each second through crossbridge cycling 
and involve about 500 myosin heads on each thick filament. 


Following contraction, the muscle relaxes as calcium ions are 
pumped back into the SR and calcium is released from 
troponin. This inhibits the interaction between actin and 
myosin. 


Muscle is sometimes conceptualized as machinery that converts 
chemical energy into mechanical work. Muscle contraction requires 
large amounts of energy, which is derived from the intermediary 
metabolism of lipids and carbohydrates. The metabolism of these 
energy sources, which lead to the production of ATP, is beyond the 
scope of this chapter. 
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Gender, Training, and Aging 


Some of the earliest studies addressing differences between males 
and females with regard to muscle fiber size and composition were 
conducted by Brooke and his colleagues (70). In a seminal study 
of the biceps muscle in six patients, they established certain 
principles which remain generally true concerning gender 
differences in skeletal muscle. Individual muscle fibers are larger 
in males than in females for several reasons. Explanations include 
the fact that males are generally bigger than females, being taller 
and heavier, with a larger muscle mass for body size. Males are 
also more active and frequently engage in more strenuous physical 


exertion. Androgens are also thought to play a role in the size of 
muscle fibers in males, since it is known that testosterone 
Supplements produce muscle fiber hypertrophy. In males, type 2 
fibers are usually larger than type 1 fibers, in contrast to females 
where type 1 fibers tend to be of equal or greater diameter. An 
excellent Summary of this subject was published by Bennington 
(67) who showed that some of the differences between males and 
females are dependent upon the muscles sampled. For example, 
studies of the biceps muscle essentially verify the findings of 
Brooke et al. However, examination of the vastus lateralis 
indicates no significant difference in diameter between type 1 and 
type 2 fibers in males. Another interesting conclusion from these 
studies addresses the question of fiber type predominance in the 
two sexes. With regard to the biceps muscle, males have a much 
higher percentage of type 2 fibers, whereas females have almost 
equal numbers of each. On the other hand, in the vastus lateralis, 
both males and females have similar proportions of type 1 and 
type 2 fibers. 


The effect of exercise and training on skeletal muscle has been 
examined in a host of investigations over the past 25 years. The 
results of many of these studies are conflicting, but certain 
general principles have emerged. It is clear that exercise and 
training of any type causes an increase in muscle fiber diameters. 
Activities that are basically anaerobic in nature promote 
hypertrophy of type 2 fibers, a common finding in sprinters. In 
long distance runners, for whom aerobic metabolism is more 
important, type 1 fibers tend to be larger. Most authorities agree 
that power training such as weight lifting results in remarkable 
hypertrophy of type 2 fibers and less, if any, enlargement of type 
1 fibers. 


A more controversial topic is whether there is a change in fiber 
type composition after long periods of training. It is well known 
that sprinters tend to have larger numbers of type 2 fibers than 
sedentary controls and long distance runners tend to have more 


type 1 fibers than untrained counterparts. Many investigators tend 
to believe that these two groups of runners have genetically 
determined fiber type composition and little, if any, conversion of 
fiber types takes place during training. However, some studies 
have shown that while conversion from type 1 to type 2 fibers 
probably does not occur, certain activities such as endurance 
running may be responsible for the conversion of type 2B to type 
2A fibers over prolonged periods of time (71). Animal studies have 
shed minimal light on these questions, in part because animal 
muscle responds differently to exercise and training than does 
human muscle. In fact, animal experiments have more often 
clouded the issues of exercise and fiber composition instead of 
resolving the controversy. 


During the process of aging, there is a functional and structural 
decline in skeletal muscle beginning in the sixth decade and 
accelerating after the age of 70 years (72). By the age of 75 
years, there is a 30 to 50% decline in muscle strength, the cause 
of which is complex. Because of the alterations in the composition 
of their connective tissues, associated with decreased elasticity 
and flexibility, and because many older patients have joint disease 
of varying severity, the elderly become less active with a 
corresponding reduction in muscle volume and contractile 
strength. Some experts view this condition as a form of disuse. 
Their conclusions are supported by the fact that aging individuals, 
like young patients who do not use their muscles (for example, as 
a result of immobilization in a cast), have selective atrophy of type 
2 fibers (Figure 8.16). The effect of poor nutrition in the elderly 
has not been extensively studied, although it is well known that 
cachexia is also accompanied by atrophy of type 2 fibers. 


A second problem in the elderly population is an insidious damage 
to the motor units, specifically to the anterior horn cells in the 
Spinal cord. It has repeatedly been shown that with advancing age 
there is a progressive loss of anterior horn cells. Due to 
degenerative spine disease, there is also injury to nerve roots, 


with subsequent radiculopathy. The integrity of the muscle fiber is 
closely related to the maintenance of its nerve supply. Any 
sustained interruption of trophic influences from the motor neuron 
or nerve will culminate in atrophy of the denervated muscle fiber. 
In acutely denervated muscle, randomly distributed small fibers 
are seen. When sectioned transversely, atrophic fibers 

P.210 
are characteristically angular or ensate. They appear flattened and 
bipolar with tapering ends. Most or all of the atrophic fibers are 
dark in alkaline ATPase reactions and are of glycolytic type. At this 
stage, selective atrophy of type 2 fibers is commonly the only 
pathologic abnormality, so that the proper diagnosis of 
denervation requires corroborative clinical information. With 
progressive denervation, the proportion of atrophic type 1 and 
type 2 fibers tends to equalize. As long as atrophic fibers remain 
scattered and are not yet grouped together, from a diagnostic 
perspective, the pattern of atrophy is nonspecific. 


Figure 8.16 Type 2 fiber atrophy (ATPase, pH 9.4, eosin 
counterstain). 


The esterase stain is very useful under these circumstances 
because denervated fibers are extremely dark in esterase 
preparations, whereas atrophic fibers in other conditions are not. 
Atrophic fibers are also excessively dark in oxidative enzyme 
reactions, but such staining applies to fiber atrophy of almost any 
cause. Small dark fibers are probably explained by the fact that 
mitochondria are relatively spared in the atrophic process and 
occupy a proportionately greater volume of sarcoplasm. The 
affinity of atrophic fibers for oxidative enzyme stains means that 
the ATPase reaction is preferable for accurate fiber typing of small 
fibers, no matter what the pathogenesis of fiber atrophy is. 


Prima facie evidence of advanced denervation is a progression 
from random fiber atrophy to grouped atrophy in which multiple 
collections of small, angular or ensate fibers are present in the 
biopsy sample (Figure 8.17). AS a consequence of chronic 
denervation and of reinnervation (73), the normal checkerboard 
staining profile observed in histoenzymatic reactions is effaced. In 
an effort to reestablish the nerve supply to denervated muscle 
fibers, intact intramuscular nerves undergo collateral sprouting, 
and new synapses are formed with atrophic fibers. As motor units 
enlarge, reinnervated fibers occupying a large area are converted 
to one histochemical type. The phenomenon of type grouping 
(Figure 8.18) is explained by the fact that all muscle fibers within 
a single motor unit are of the same typea€”either type 1 or type 
2a€”and the motor neuron, through the trophic influences of its 
axon and collaterals, governs the histochemical properties of its 
fibers. The plasticity of muscle fibers allows conversion from one 
histochemical type to the other when there is reinnervation by a 
motor neuron of the opposite type. Along with type grouping, 
target fibers are pathognomic of denervation (74). 


Figure 8.18 Chronic denervation with reinnervation. Type 
grouping has altered the normal checkerboard staining profile 
(NADH-TR). 


Despite their unique specificity, regrettably bone fide target fibers 
are present in less than 25% of cases of neurogenic atrophy. 
Although targets and cores are similar morphologically, they differ 
in three ways. While both tend to occur singly within a fiber, the 
target is larger in diameter. The target is limited in length, only 
extending across a few sarcomeres, in contrast to the core, which 
may run the entire length of the fiber. Most important is the three- 
zone architecture of the target fiber (Figure 8.19). The central 
zone, indistinguishable at the ultrastructural level from the 
unstructured core, iS Surrounded by an intermediate zone that 
forms an intensely stained rim in oxidative enzyme reactions. By 
definition, the intermediate zone, difficult to identify in most other 
stains, is absent from a core. It is a zone of transition between the 
central zone of severe sarcoplasmic disruption and the third zone, 
which represents the normal portion of the muscle fiber. Targetoid 
fibers, which lack the intermediate zone of increased oxidative 
enzyme activity, are morphologically identical to core fibers. The 
term core is conventionally used in cases of congenital central 
core disease, and the termtargetoid is applied to cores that are 
found in any other condition. In our experience, targetoid fibers 
are more commonly encountered in neurogenic atrophy than any 
other condition and are more frequently seen than target fibers. 


Figure 8.19 Neurogenic atrophy. Target fibers have an inner, 
unstained zone surrounded by a rim of increased enzyme 
activity (NADH-TR). 


Artifacts 


The most common artifacts are related to unsuspected or 
inadvertent injury to the muscle specimen, irreverent handling at 
the time of removal, or to improper tissue sectioning and staining. 
When they are linear in configuration, needle tracts, such as those 
produced during electromyography (EMG) studies, may easily be 
recognized. More often, needle tracts are cut tangentially so that 
the pathologist may be misled by a histologic picture of myopathy 
exemplified by fiber necrosis, regeneration, inflammation, and 
interstitial fibrosis (Figure 8.20). This kind of artifact is generally 
traceable to poor communication between the physician requesting 
the biopsy and the individual performing the procedure, who is 
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unaware of the previous intramuscular injections. 


Large numbers of neutrophils are occasionally observed within the 
intramuscular blood vessels. Typically, these cells are marginated 
and may have begun to penetrate the vascular walls and enter the 
perimysium or endomysium. In the absence of other pathologic 
changes within the specimen, the presence of neutrophils usually 
means that the muscle has been crushed during the biopsy 
procedure or it has been infiltrated with anesthetic agent. 


Figure 8.20 Needle tract. Area of injury contains necrotic 
fibers and a small focus of lymphocytic inflammation (H&E). 


Figure 8.21 Vacuolar artifact. Improper freezing has caused 
numerous clear holes to form within the fibers (NADH-TR). 


Even with the best technical expertise available, muscle tissue is 
sufficiently fragile that most laboratories find vacuolization of 
muscle fibers produced during freezing is unavoidable in 10 to 
20% of specimens. Vacuolization can be minimized by using proper 
techniques that permit rapid freezing and by proper specimen 
storage to prevent thawing. Mild vacuolar artifacts may be 
tolerable, but large vacuoles that disrupt the sarcoplasm are 
especially troublesome (Figure 8.21). Larger vacuoles may 
interfere with accurate biopsy interpretation by distorting the 
pathologic changes in the sample or by simulating the picture of 
vacuolar myopathy, such as glycogen or lipid storage disease. 


Muscle that is unprotected by isometric clamping is vulnerable to 
contraction artifact. During uncontrolled contraction, a series of 
segmental contractions occur along the length of the muscle fiber 
as the contractile elements are pulled beyond the confines of their 
respective sarcomeres. This phenomenon is best observed in 


longitudinal sections where dark hypercontracted regions are 
punctuated by pale, ghostlike zones of myofibrillar disruption 
(Figure 8.22). In transverse orientation, these disrupted segments 
are seen as irregular fissures in the sarcoplasm. Contraction 
artifact is particularly undesirable when electron microscopic 
studies are needed, even if the artifact is subtle and cannot be 
appreciated at the light microscopic level. The detection of 
ultrastructural abnormalities, which is dependent on the normal 
alignment of the myofibrils and myofilaments, is compromised by 
the distortion of sarcomeric structures. Tissue within the teeth of 
the clamp is sometimes submitted for processing. This tissue, if 
not entirely crushed and easily recognized as such, may be 
compressed, producing an artifact that looks like fiber atrophy. A 
clue to artifact is the difference in fiber diameters in the rest of 
the biopsy specimen and the clamped fibers, all of which are 
uniformly small and angular. 


Figure 8.22 Contraction artifact. Dark contraction bands and 
lucent zones of fiber disruption are seen in longitudinally 
oriented fibers (H&E). 


Dark staining of the sarcoplasm in random fibers is often due to 
variations in section thickness. Fibers adjacent to the connective 
tissue of the perimysium are especially susceptible to this artifact. 
Inconsistencies of section thickness may be recognized when 
linear, bandlike regions of intense staining are visible within 
muscle fibers. Excessively pale histochemical reactions can result 
from the degradation of enzyme systems in the sarcoplasm. 
Artifacts are distinguished from legitimate abnormal staining if all 
histochemical reactions in the biopsy are pale. In our experience, 
this artifact is most often attributable to delayed freezing of the 
specimen because of a delay in transport. Laboratories that accept 
consultation specimens from institutions other than their own 
should be aware of this problem in order to reduce the time 
required for transportation. 


Another transportation-related artifact is seen in specimens 
shipped in ice when the ice melts, leaving the exposed fresh tissue 
floating in water. This situation results in a disfiguring and 
distracting artifact in frozen sections stained with RTC. The normal 
green staining of the tissue is distorted by irregular red-stained 
areas that interfere with interpretation of a biopsy (Figure 8.23). 
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Figure 8.23 Exposure of fresh muscle to water during 
transport may cause an abnormal staining pattern in RTC, 
obscuring the detail and granular appearance of mitochondria 
(RTC). 


Differential Diagnosis 


Several findings in skeletal muscle biopsies are normal or are 
minor variations that may be mistaken for pathologic change. 
These include internal nuclei, ring fibers, hyalin fibers, excessive 
endomysial connective tissue, perivascular inflammation, 
variations in fiber diameters, and ragged red fibers. 


One of the most common pathological abnormalities in muscle 
biopsies is nuclear internalization (Figure 8.24). Quantitative 
analyses have demonstrated that the nuclei are peripherally 
located in 97 to 99% of normal muscle fibers, which means that up 
to 3% of fibers with internal nuclei is a normal finding. In many 
different conditions, an increase in internal nuclei is found, 
typically affecting 5 to 10% of fibers and particularly those that 
are mildly atrophic. Nuclear internalization has no specific 
diagnostic significance and appears to be a reaction to virtually 
any type of injury. The diagnosis of myotonic dystrophy should be 
strongly considered if the majority of fibers contain internal nuclei. 


One must exercise caution in interpreting the significance of ring 
fibers in specimens disrupted by contraction artifact because, in 
this situation, ring fibers are not a genuine pathologic change. In 
properly processed, uncontracted muscle biopsies, ring fibers are a 
pathologic criterion of myotonic disorders. The ring is formed by a 
bundle of peripheral myofibrils that are circumferentially oriented 
such that they encircle the internal portion of the sarcoplasm, 
which is normal in structure and orientation. In cross sections of 
muscle, the ring is especially well visualized in PAS stains where 


the striations of the transversely oriented peripheral myofibrils are 
seen in contrast to the inner sarcoplasmic contents (Figure 8.25). 
Rings are also seen to advantage in PTAH stains, resin sections, or 
under phase contrast microscopy. Under the electron microscope, 
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the pathologically oriented myofibrils are generally normal in 
structure except for hypercontraction of the sarcomeres (75). 


Figure 8.24 Nuclear internalization. Several fibers contain 
internal pyknotic nuclei, a common nonspecific pathologic 
change (H&E). 


Figure 8.25 Ring fibers. Bundles of myofibrils are 
circumferentially oriented, forming rings that encircle 
transversely sectioned fibers. (PAS). 


Along with ring fibers, hyalin fibers are evident in specimens 
damaged by contraction artifact. These fibers are abnormally 
increased in diameter and rounded in configuration. Their 
sarcoplasm in both paraffin and frozen sections is smudged or 
glassy and more deeply stained than in normal fibers (Figure 
8.26). The hyalin appearance is the legacy of hypercontraction, as 
shown in electron microscopic studies. In clamped specimens that 
are free of excessive contraction, true hyalin fibers are a common 
feature of Duchenne muscular dystrophy. The pathogenesis of true 
hyalin fiber formation, which is believed to precede subsequent 
fiber necrosis (76), iS apparently related to excessive irritability 
secondary to cell membrane instability. It is possible that 
sarcolemmal damage allows excessive contraction and also 
promotes cell necrosis. In serial sections of hyalin fibers, areas of 
necrosis may be found, indicating the importance of hyalinization 


as a sign of fiber destruction. 
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Figure 8.26 Hyalin fibers. Several fibers are enlarged, 
rounded, with darkly stained sarcoplasm. (H&E). 


Figure 8.27 Infant muscle. A relative increase in perimysial 
connective tissue is normal (trichrome). 


Excessive quantities of endomysial connective tissue usually 
represent reactive fibrosis accompanying neuromuscular disease. 
However, as pointed out above, at the interface between muscle 
and tendons or fascia, abundant connective tissue is normally 
present and should not be regarded as reactive fibrosis. Although 
endomysial connective tissue is not prominent in the biopsies of 
infants, as indicated previously, the perimysial connective tissue 
far exceeds the amount present in older children and adults 
(Figure 8.27). 


Interstitial and perivascular inflammatory cells almost always 
reflect clinical disease, most frequently immunologically mediated 
or idiopathic inflammatory myopathies such as polymyositis or 
dermatomyositis. However, in the biopsies of infants it is well to 
remember that small foci of hematopoiesis are normally present 
and do not represent true inflammatory infiltrates. Muscles 
subjected to trauma such as EMG needles may harbor foci of 
inflammation for months following the diagnostic study and are not 
Clinically significant. 


One of the most demanding challenges to the diagnostic 
pathologist is the muscle biopsy characterized by a variation in 
fiber diameters or by what appears to be atrophy or hypertrophy. 
The utility of enzyme histochemistry in these situations cannot be 
overstated. It is important to recall from previous discussions that 
(a) a normal variation in fiber size occurs at the junctions of 
muscle fibers and either tendons or fascia and (b) what at first 
seems to be atrophy may be normal, depending upon the muscle 
examined and upon the patient's age and sex. Smaller muscles, 
and especially those devoted to finely coordinated activities, have 
much smaller diameters than large, bulky muscles. Muscle fibers 


are expected to be much smaller in infants and children than in 
mature adults; and, as previously noted, there 
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is an increasing reduction in fiber diameters with advancing age. 
The significance of fiber hypertrophy should be evaluated in light 
of the patient's activity and level of regular exercise. In evaluating 
fiber size, it may be necessary to measure fiber diameters. 


Morphometric analysis of the muscle biopsy is imperative when the 
changes in fiber diameters are minimal and subtle. In order to 
obtain statically significant morphometric data, the lesser diameter 
of each muscle fiber should be determined, based upon a minimum 
number of 200 fibers in the sample (77). The atrophic or 
hypertrophic process may be selective, affecting only one fiber 
type, or it may be nonselective (78). True selective atrophy of 
type 1 fibers is most commonly encountered in myotonic 
dystrophy. Type 2 fiber atrophy is a common finding in acute 
denervation, disuse, and myasthenia gravis. True hypertrophy of 
type 1 fibers is relatively specific for infantile spinal muscular 
atrophy. True type 2 fiber hypertrophy is generally restricted to 
congenital fiber-type disproportion. The pattern of atrophy is 
important in distinguishing between normal and abnormal. 
Randomly distributed small or large fibers may be normal, 
depending on other factors discussed above. Grouped atrophy, 
where five or more small angular fibers cluster together is 
essentially diagnostic of chronic neurogenic disease. Panfascicular 
atrophy, in which the majority of fibers in each fascicle are 
atrophic, is virtually specific for infantile spinal muscle atrophy. 
Perifascicular atrophy is typical of dermatomyositis. 


Ragged red fibers can be observed in elderly people (79). These 
fibers are recognized in RTC stains performed on frozen sections, 
where they exhibit an irregular surface and collections of red 
staining subsarcolemmal material (Figure 8.28). The ragged red 
areas represent foci of increased, often abnormal mitochondria. 
Ragged red fibers are generally the hallmark of the mitochondrial 


myopathies, which are characterized by mitochondrial dysfunction 
and often mutations of mitochondrial genes (41). It is now known 
that mitochondrial damage occurs in the aging cell, including 
skeletal muscle. Ragged red fibers are considered to be a 
reflection of this damage, which may be associated with clinical 
disease but frequently is not. 


Figure 8.28 Ragged red fibers. Ragged red fibers are 
recognized in RTC stain as having an irregular sarcolemmal 
surface with collections of red-staining material (RTC). 


Specimen Handling 


Muscle biopsies should be performed by physicians with expertise 
in biopsy technique and a sincere interest in obtaining the best 
possible specimen. The physician who has direct responsibility for 
the patient's care needs to be sure that the biopsy comes from an 
appropriate muscle so that it is representative of the disease 


process. In some conditions, the disease process is widespread, 
such as in many metabolic diseases, and virtually any muscle is 
Suitable for biopsy. However, in other disorders where, for 
example, symptoms are referable to the legs and spare the arms, 
a biopsy of the deltoid or biceps brachii muscle is unlikely to 
reflect the disease process accurately and may be normal or 
nondiagnostic. Moreover, whenever possible, the tissue sample 
Should be obtained from a region in which the disease process 
remains active rather than quiescent. In a muscle where the 
disease process has subsided, the biopsy is apt to be 
unremarkable. In severely involved muscle, particularly if there is 
marked weakness or wasting, the pathologic findings are likely to 
be those of end-stage disease which may defy conclusive 
pathologic interpretation. Muscles subjected to previous traumatic 
injury, such as needle tracts incurred during EMG or intramuscular 
injections of medications, and muscles altered by an unrelated 
disease process should not be biopsied. The pathologic picture in 
such muscles may simulate that associated with a variety of 
neuromuscular diseases and will confuse the pathologist. 


The special handling of the muscle biopsy precludes submission of 
the specimen on weekends and holidays or late in the workday 
afternoon when laboratory personnel are not available to receive 
and process the tissue. If possible, a technician familiar with the 
biopsy technique should assist the physician performing the biopsy 
and collect the specimen properly. Two separate specimens from 
the same site are routinely required. The first specimen is 
maintained at isometric length by its insertion in a muscle clamp. 
This device is designed to minimize contraction artifact, which 
inevitably results when an incision is made in the muscle, and it is 
immersed in fixative. Since the muscle is introduced into the 
instrument lengthwise, the sample is conveniently oriented for 
further processing. The biopsy must extend entirely across the 
clamp, thereby ensuring an acceptable specimen size of at least 1 
cm in length. The biopsy should be of sufficient size to maximize 


the opportunity of observing the entire pathologic process. To 
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attain this goal, some clinicians favor obtaining two biopsies 
routinely, one from the arm and one from the leg, for example. 
Thus, the major drawback to needle biopsy, which has certain 
advantages over open biopsy, is the limited size of the sample. 


While there is some disagreement regarding the primary fixative 
for muscle biopsies, we have elected to use 10% formalin, 
buffered to a pH of 7.4 in a 0.1 M phosphate buffer. Strips of 
muscle 1 mm in width are dissected from the edges of the sample 
and postfixed in phosphate-buffered 2% glutaraldehyde for 
electron microscopic study. After fixation for a minimum of 24 
hours in 10% phosphate-buffered formalin, the remainder of the 
Sampled specimen is used for routine paraffin sections. A second 
unfixed specimen measuring 1 A— 0.5 A— 0.5 cm is obtained for 
the preparation of frozen sections. Although the utilization of a 
muscle clamp is not mandatory, clamping the specimen will help in 
its orientation. 


Several techniques are described for flash freezing (80), but we 
prefer freezing the sample in liquid nitrogen after coating the 
surface of the specimen with talc. Whatever technique is 
employed, the condition on which the freezing technique is based 
is that it proceeds with extreme rapidity, within 10 to 15 seconds. 
Freezing the tissue in a cryostat in a fashion similar to most 
specimens submitted for frozen section diagnosis from the 
operating room is contraindicated. The frozen sample should be 
oriented so that cross sections of muscle are cut. Serial frozen 
sections in our laboratory are stained with H&E, rapid Gomori's 
trichrome (RTC), and three standard histochemical reactions: 
ATPase (pH 9.4 and 4.6) and NADH-TR. Other stains such as 
periodic acid-Schiff (PAS) for glycogen, phosphorylase, and fat 
stains are performed when indicated. Frozen tissue may also be 
used for biochemical analysis, for immunohistochemical 
preparations, and for immunofluorescence microscopy. Inasmuch 


as frozen tissue may be needed for future additional studies, 
muscle biopsies can be sealed in airtight plastic capsules or bags 
to prevent dessication and freezing artifact while stored in an 
ultralow freezer at a€“70A°C. 
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Blood Vessels 


Patrick J. Gallagher 
Allard C. van der Wal 


Gross and Light Microscopic Features 


The normal structure of vessels, particularly the aorta, elastic and 
muscular arteries, and the larger veins, change progressively 
throughout life (Table 9.1 ) (1 ,2 ). These aging changes lead to 
increased arterial stiffness, detected clinically by alterations in 
pulse wave velocity (3 ). It is now clear that aging arteries are 
especially affected by common disorders such as atherosclerosis, 
hypertension, and diabetes (Table 9.2 ). Surgical pathologists 
must be fully aware not only of the nature and extent of these 
alterations, but also of their variation from site to site. 


Aorta 


The length and breadth of the aorta increase progressively 
throughout life. Although there are some variations in the rate of 
these changes, both between men and women and from decade to 
decade, the process continues well into a person's seventies and 
eighties. This enlargement produces the characteristic unfolding of 
the aorta so often seen in chest radiographs; and, if the aortic 


valve annulus is also involved, aortic incompetence can result. 
Some atherosclerosis is almost inevitable in the abdominal aorta in 
the middle aged and elderly, but aging changes are independent of 
this. 


The principal components of all arteries are elastic and collagen 
fibers, smooth muscle cells, and a mucopolysaccharide-rich ground 
substance (4 ). In the media of the aorta and the carotid, the 
innominate and proximal axillary arteries elastic fibers 
predominate. Parallel lamellar units of elastin enclose smooth 
muscle cells, ground substance, and collagen (Figure 9.1 ). There 
are about 40 lamellar units at birth and at least 50 in adult life, 
each measuring about 11 Aum in thickness. Interconnecting bands 
of collagen and elastin fibers provide strength, whereas the 
lamellar arrangement distributes stress evenly across the wall, 
Smoothing the cyclical pressure waves of cardiac contraction (5 ). 
Elastic fragmentation with associated foci of fibrosis are the most 
prominent aging changes and account for the weakening that leads 
to aortic dilatation (Figure 9.2 ). The changes in the structure of 
the extracellular matrix are 
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thought to be the result of upregulation of genes that mediate 
matrix metalloproteinase production (6 ). Apoptosis can be 
demonstrated in a number of cell types within atheromatous 
plaques (7 ) but is unlkely to be a key factor in the aging of the 
arterial wall (8 ). Calcification is a common complication; and, 
although it is most frequent in atheromatous segments, it may 
occur in areas where the intima is virtually normal. The underlying 
causes of aortic and coronary arterial calcification remain poorly 
understood (9 ,10 ). Small amounts of amyloid can be detected in 
aortic atheromatous lesions of middle-aged and elderly subjects 
and may be derived from serum amyloid A or other apolipoproteins 
(1112): 


Aorta 


Progressive and linear increase in diameter with age. Eccentric or 
diffuse fibrous intimal thickening. Fragmentation of elastic 
lamellae with widening of interlamellar spaces. Focal amyloid 
deposits. Thickening of walls of vasa vasorum. 

Muscular arteries 

Progressive dilatation and tortuosity. Caliber of vessels usually 
less in females, especially coronary arteries. Intimal fibrosis, 
sometimes suggesting reduplication of the internal elastic lamella. 
Focal fragmentation and calcification of internal elastic lamella. 
Increased fibrosis and hyalinization of media. No significant 
inflammation in atheroma-free segments. 

Arterioles 

Intimal thickening, usually as concentric layers of fibroelastic 
tissue. Hyalinization of media. 

Capillaries 

Basement membrane thickening, approximately twofold increase in 
thickness from puberty to old age. 

Venules and veins 

Few detailed studies of small veins. Larger veins show intimal 
fibrosis and hypertrophy of both circular and longitudinal bundles. 


Major Macroscopic and Histologic Features 


Table 9.1 Aging Changes in Blood Vessels 


Cystic medial degeneration (CMD), originally called medionecrosis 
aortae by Erdheim, is a difficult concept, and many pathologists 
are unsure about the exact meaning of the term. Histologically, 
the condition is characterized by degeneration and fragmentation 
of the elastic layers of the media and formation of mucoid pools 
(Figure 9.1Bâ€“C ). Some areas have few, if any, stainable nuclei, 
and this is the result of smooth muscle cell death. More recently, 
areas of smooth muscle cell apoptosis and disorganized 
proliferation, fibrosis, and angiogenesis have been described, 


Suggesting that CMD is a process of degenerative injury and 
repair. In 1977, Schlatmann and Becker (13 ) showed that the 
histological alterations of CMD showed a striking correlation with 
age and may therfore represent the normal aging process of 
elastic arteries. The same features are seen in hypertensive 
patients, who have an altered hemodynamic profile, and in genetic 
disorders of connective tissue, such as Marfan's or some types of 
the Ehlers-Danlos syndrome. They have also been reported in 
patients with a history of cocaine abuse (14 ). In connective tissue 
disorders, CMD is more pronounced and leads to complications 
such as intramural hematoma formation or aortic dissection at an 
earlier age. 


Although the exact cause of CMD is unknown, it appears to be 
related to an imbalance between the mechanical forces imposed on 
the aortic wall during systole and the 
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capacity of the aortic wall to resist these forces. The resulting 
shear forces may cause alterations in the secretion pattern of 
smooth muscle cells or their death by apoptosis. More recently, 
p53 accumulation, bax upregulation, and both vascular smooth 
muscle cell apoptosis and regeneration have been demonstrated in 
areas of cystic medial necrosis (15 ). In Marfan's syndrome, the 
histologic changes suggest exaggerated aging, but there are no 
features that allow a specific diagnosis to be made (Figure 9.2B ). 
The underlying genetic abnormality involves a glycoprotein, 
fibrillin, that is closely associated with elastin fibers. The exact 
functions of fibrillin and other associated glycoproteins are 
uncertain, but they may act as a da€oescaffolda€* on which elastin 
fibers are laid down. There is a wide spectrum of clinical 
abnormalities in Marfan's syndrome, and certain clinical features, 
such as arachnodactyly or aortic dissection, are especially common 
in some families (16 ). 


Normal adults 

Minimal intimal thickening, may be eccentric or diffuse. Intact 
internal elastic lamella, occasional small breaks only. No 
significant inflammation. 

Atherosclerosis 

Eccentric fibrous intimal thickening, intimal and medial foam cell 
and lipid deposition. Neovascularization with intimal and medial 
hemorrhage. Dystrophic calcification. Adventitial aggregates of 
plasma cells, lymphocytes, and histiocytes. Intimal and medial 
aggregates of T lymphocytes, especially at shoulders of lesion. The 
most important complication is rupture of fibrous cap of the lesion 
with associated thrombus formation. 

Systematic hypertension 

Concentric fibrous intimal thickening and medial hypertrophy, 
especially in arterioles. Changes pronounced in accelerated or 
malignant phase, with fibrinoid necrosis. Aneurysmal dilation of 
intracerebral arterioles and capillaries. Increased atherosclerosis. 
Diabetes mellitus 

Hyalin change in arterioles. Capillary microaneurysms with 
basement membrane thickening. Loss of pericytes; retinal 
neovascularization. Increased atherosclerosis in arteries. 

Active arteritis 

Acute or chronic inflammatory cell inflammation of adventitia and 
media. Mural edema, reactive intimal thickening, and endothelial 
necrosis. Fibrinoid necrosis of wall, occasionally aneurysmal 
dilatation. 

Healed arteritis 

Bizarre patterns of disordered fibrous intimal thickening. Medial 
scarring with patchy aggregates of chronic inflammatory cells. 
Abnormally prominent medial blood vessels. 


Condition Major Histologic Features 


Table 9.2 Histologic Changes in Arteries and Arterioles 


Figure 9.1 A. Inner half of the aortic wall of a 62-year-old man. 
There is a moderate degree of fibrous intimal thickening, which 
has no immediate clinical relevance but may predispose to 
atherosclerosis. There was only slight fragmentation of the elastic 
lamellae; the overall appearance is well within normal limits for a 
patient of this age (elastic van Gieson). B. The typical appearance 
of cystic medial degeneration in an H&Ea€“stained section. Note 
the prominent pool of mucoid material. C. This shows a 
corresponding section to B but is stained for elastic tissue. There 
is extensive loss of the normal elastic framework. 


Figure 9.2 A. The normal appearance of the aortic media of a 48- 
year-old man. There are many parallel lamellae of elastic tissue. 
There is no significant intimal thickening. B. The aortic wall of a 
31-year-old man with Marfan's syndrome. The medial elastic tissue 
is extensively fragmented, and there is fibrosis and loose 
mucopolysaccharide-rich areas. Such extensive changes would be 
unusual even in an elderly patient. (Elastic van Gieson.) 
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Elastic fragmentation and associated medial necrosis are the most 
common histologic findings in both ascending and thoracic aortic 
aneurysms. Despite thinning of the wall due to vascular dilatation, 
the cellular and matrix components in thoracic aneurysms are in 
fact increased as a result of vascular smooth muscle hyperplasia. 
In contrast in abdominal aortic aneurysms there is a reduction in 
smooth muscle density in abdominal aortic aneurysms (17 ,18 ). 
Traditionally, abdominal aortic aneurysms have been considered 
atheromatous in origin, but this is an oversimplification. Genetic 
studies have provided compelling evidence for an inherited basis of 
this disease. Aneurysms have been detected in up to 20% of first 


degree relatives, especially when the affected subject is female 
(19 ). Whether the atherosclerosis is the primary cause or a 
secondary complication, the inflammation and medial scarring that 
accompany all but the earliest stages of atheroma further damage 
a wall already weakened by normal aging or by specific genetically 
determined alterations in the matrix of the aortic wall. Patchy 
chronic inflammatory aggregates, including lymphocytes and 
plasma cells, are often present in the adventitia of atheromatous 
segments of the aorta and coronary arteries (Figure 9.3 ). In 
biopsies of the ascending aorta during repair of dissecting 
aneurysms or aortic reconstructions for root dilatation, these 
chronic adventitial infiltrates must not be mistaken as evidence of 
aortitis. Small collections of lymphocytes, macrophages, and giant 
cells are occasionally seen in these biopsies. Although they should 
be reported, our experience is that they have no clinical 
Significance. In some abdominal aneurysms, the inflammatory 
infiltrates are especially dense, and surgical repair may be 
difficult. The inflammation may be a reaction to ceroid pigment, 
and there can be associated retroperitoneal fibrosis (20 ). 


A 


Figure 9.3 A. and B. Adventitial chronic inflammatory infiltrates 
in the wall of an atheromatous coronary artery. A few 
inflammatory cells have infiltrated into the media. The magnified 
view on the right confirms that most of the inflammatory cells are 
lymphocytes or plasma cells. 


Cardiac surgeons have several techniques for repairing aortic 
coarctations and may submit samples of aorta, the narrowed aortic 
segment, the subclavian artery, or the ductus arteriosus (arterial 
duct) for histologic identification. The aorta around the coarctation 
may show reactive intimal thickening, even in neonates, but the 
underlying elastic structure is usually well preserved. The 
coarctation itself can have a variety of appearances. In long- 
standing cases, there may be dense intimal and medial fibrosis. In 
neonates, the intima may have a distinctly irregular pattern of 
fibroelastic intimal thickening, resembling some forms of arterial 
dysplasia (Figure 9.4 ). The structure of the arterial duct changes 
progressively during intrauterine growth and in the postnatal 
period (21 ) and can be influenced by prostaglandin treatment. 
Unlike the aorta and the proximal subclavian artery, which are 
elastic vessels, the arterial duct has a muscular media and a 
defined internal elastic lamella. 


Arteries 


It is only in children and young adults that muscular arteries 
conform to the classical descriptions of textbooks. The 
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intima of arteries is defined as the region from and including the 
endothelium to the luminal margin of the media (22 ). At birth, the 
intima is a virtual space with the endothelium closely opposed to 
the internal elastic lamella. This layer thickens slowly with age, 
either (a) eccentrically at branching points or bifurcations or (b) 
diffusely. Both types occur preferentially at sites of altered blood 
flow or mechanical stress, suggesting that they are adaptive 
changes (a response to injury). Vascular smooth muscle cells 
derived from the underlying media and extracellular matrix 
proteins accumulate in the thickened intima and may serve as a 
a€cesoila€* for the development of atherosclerotic plaques. For 
example, in the aorta and coronary arteries, the so-called 
atherosclerosis prone areas are those that show early diffuse or 


eccentric thickening. 


Figure 9.4 Coarctation of the aorta. A. The aortic wall distal to a 
coarctation in a 3-month-old child. There is slight intimal edema 
only. B. The coarctation itself; note the irregular arrangement of 
the intimal fibroelastic tissue. (Elastic van Gieson.) 


Progressive intimal fibrosis affects nearly all arteries (Figure 9.5 ), 
but in surgical pathology material it is especially noticeable in the 
spleen, myometrium, and thyroid (Figure 9.6 ). As in the aorta, 
fragmentation of the elastic tissue, usually the internal elastic 
lamella, is common and is of no specific significance (Figure 9.7 ). 
In some aging arteries, the internal lamella appears to repeatedly 
reduplicate, producing a pattern of concentric intimal thickening 
(Figure 9.5 ). Small foci of calcification can be identified in 
otherwise normal vessels, usually just to the medial aspect of the 
internal elastic lamella. These aging changes, often loosely termed 
arteriosclerosis, have been studied most extensively in the 


coronary arteries, where women generally show substantially less 
elastic fragmentation and intimal fibrosis than do men of the same 
age (45 ). About 75% of the mass of the media is smooth muscle 
cells. These run in a spiral or circumferential pattern around the 
wall. As in the intima the small amounts of associated collagen and 
elastin increase throughout life. Arteries dilate and become more 
tortuous with increasing age, and this has a fortuitous 
antiocclusive effect. The caliber of the coronary arteries in middle- 
aged and elderly women is less than that of men. This may make 
coronary artery surgery more difficult and contribute to the poorer 
results recorded in women (23 ). If arterial dilatation is 
pronounced and irregular, as in so-called coronary artery ectasia, 
Spontaneous thrombosis may result. 


Nutrients reach the media of elastic or muscular arteries by direct 
diffusion through the intima or via small branches, the vasa 
vasorum, which reenter the media from the adventitial aspect. 
Vasa are best seen in biopsy samples taken from the ascending 
aorta during root repairs and sometimes have remarkably thick 
muscular walls (Figure 9.8 ). In 


atheromatous arteries, there is often marked neovascular 
proliferation. Hemorrhage from these vessels contributes to the 
growth of lesions and their lipid content (24 ). 
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Figure 9.5 Aging changes in muscular arteries. A. (left) Normal 
appearing artery from a 17-year-old girl. B. and C. Note the 
progressive intimal fibrosis in arteries from elderly males. In C 
there is some reduplication of the internal elastic membrane. 
(Elastic van Gieson.) 
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Figure 9.6 A. and B. Aging changes in arteries. These thick- 
walled vessels were close to the serosa of the myometrium in a 
52-year-old woman. Note the prominent calcification in A and the 
increased tortuosity in B. These changes have no importance. They 


can be seen in other sites, especially in thyroidectomy specimens. 


Figure 9.7 A. and B. Temporal artery from a 72-year-old woman 
who died suddenly from coronary heart disease. There was no past 
history of headache or temporal arteritis. Note the fragmentation 
of the elastic lamella with a little associated fibrosis (red 

coloration in B). Changes such as these are commonplace in the 
elderly and must not be interpreted as evidence of previous 
arteritis (elastic van Gieson). 


The different stages, or phases, of atherosclerotic plaque 
development have been categorized in the American Heart 
Association (AHA) classification into three types of early lesions 
(plaque types la€“Ill) and three types of mature late lesions 
(plaque types IVa€“Vl). Early lesions consist of adaptive intimal 
thickening (type I), fatty streaks (type II) with accumulation of 
lipid-rich foam cells and T lymphocytes), and pathological intimal 
thickening (type III, early atheroma). Late stages include 
fibroatheroma (type IV), fibrotic or calcified plaques (type V), and 
complicated plaques (type VI) (25 ,26 ). Recently, there has been 
much interest in the concept of the so-called vulnerable plaque: 
plaques at high risk for development of superimposed thrombosis 
or plaque hemorrhage. Several postmortem studies of coronary 
arteries from patients with myocardial infarction or sudden cardiac 
death have shown that vulnerable lesions have specific features 


such as a large lipid core, a thin fibrous cap, and marked 
inflammatory activity in the plaque tissue (27 ). 
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Figure 9.8 The aortic adventitia. The thick-walled vessel is a vasa 
vasorum. The thin-walled vessel (left ) is a small vein. 


Virmani et al. (28 ) have modified the AHA classification in order 
to highlight the variation in plaque morphology in relation to the 
onset and evolution of atherothrombotic complications. In their 
classification, the late stages of plaque development are divided 
into fibrous cap atheroma, thin cap fibroatheroma, healed plaque 
rupture or erosion, and calcified plaques. This classification 
emphasizes that complicated (thrombosed) plaques can be the 
result of rupture of a fibrous cap or erosion of the endothelial 
lining (Table 9.3 ). 


Inflammatory Infiltrates in Arteries 


Apart from a few scattered macrophages or mast cells, the 
adventitia of arteries is devoid of inflammatory cells. However, for 
many years it has been known that, in the chronic advanced 


stages of atherosclerosis, nodular or patchy inflammatory 
infiltrates can form at the sites of atheromatous lesions, a process 
that increases with the severity of atherosclerosis (29 ). These 
aggregates can resemble the lymphoid follicle-like lesions that 
form in diseases of disordered immunity, such as rheumatoid 
disease. Immunohistochemistry has shown that these highly 
organized structures containing germinal centers surrounded by 
both T and B cells. Small vessels are lined by plump endothelium, 
which stains with antibodies that identify high endothelial venules 
(see  Immunohistochemistry section, 


below). Arteries in chronically inflamed tissues and within tumors 
often show pronounced fibrous intimal thickening, sometimes 
termed endarteritis obliterans (Table 9.2 ). In the early stages of 
this process, the fibrous tissue has a loose histologic appearance, 
and the ground substance may be basophilic. Although 
inflammatory or tumor cells often closely surround the adventitia, 
they do not usually penetrate far into the muscular wall. 


Pathologic intimal thickening 


Smooth muscle cell proliferation, intimal fibrosis, extracellular lipid 


but no lipid core or necrosis 

Fibrous cap atheroma 

Well-formed lipid core with thick fibrous cap, free of inflammatory 
cells (>80 Aum coronary artery >200 Aum carotid artery) 

Thin fibrous cap atheroma 

Thin cap of inflamed fibrous tissue with underlying lipid core 
Ruptured plaque 

Luminal thrombus communicating with lipid core via a ruptured 
fibrous cap 

Eroded plaque 

Luminal thrombus with endothelial ulceration; lipid core may be 
absent or small and does not communicate with lumen 

Calcified lesions 

Heavily calcified plaques with or without thrombus or lipid core 
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This is a simplified version of the classification of Virmani R, 
Kolodgie FD, Burke AP, et al. Lessons from sudden cardiac death: 
a comprehensive morphological classification for atherosclerotic 
lesions. Arterioscler Thromb Vasc Biol 2000;20:1262-1275; 
Virmani R, Farb A, Burke A, et al. Coronary heart disease and its 
syndromes. In: Virmani R, Faro A, Burke A, et al. Cardiovascular 
pathology. Philadelphia: WB Saunders, 2001:26a€“53, with 
permission. Reprinted with permission from: Mills SE, ed. 
Sternberg's Diagnostic Surgical Pathology. 4th ed. Philadelphia: 
Lippincott Williams & Wilkins; 2004. 


Lesion Histologic Features 


Table 9.3 Modified American Heart Association 
Classification of Atheromatous Lesions 


These changes must be carefully distinguished from those of 
systemic vasculitis. In general terms, vasculitis tends to affect 
vessels of a specific size, cause necrosis of vessel walls (Figure 
9.9 ) with associated hemorrhage, and lead to tissue infarction. In 
healed vasculitis, there is irregular fibrosis of the muscular wall 
(Figure 9.10 ). 


Arterioles 


There are no specific histologic features that accurately distinguish 
small arteries from larger arterioles; but, for convenience, 
arterioles are said to have a diameter of less than 100 Aum. 
However, in biopsy material, there is so much variation in the 
contours of these small vessels that accurate distinction is often 
impossible and probably unnecessary. Larger arterioles have an 
obvious media and an adventitial layer of connective tissue. In the 
smallest (terminal) arterioles, an internal elastic lamella may not 
be identified. The smooth muscle cells are arranged 
circumferentially, each cell winding around the wall several times. 


This is the structural basis of the precapillary sphincter. Small 
arterioles have a very thin adventitia but are richly supplied by 
sympathetic nerve fibers. 


Hyalinization is a common lesion of arterioles and small arteries 
and increases with age and in conditions such as hypertension and 
diabetes. The glassy uniform appearance is the result of 
accumulation of a variety of plasma proteins and small amounts of 
lipids. As in arteries, reduplication of elastic tissue and intimal 
fibrosis are common changes in the aged. In severe longstanding 
benign hypertension and in the malignant phase, the arteriolar 
lumen can be substantially narrowed by concentric layers of 
fibrous tissue and smooth muscle cells, changes that are outside 
the normal range of aging (Table 9.1 ). Fibrinoid necrosis of the 
arteriolar media is the hallmark of malignant hypertension and 
some forms of acute vasculitis (Figure 9.9 ). It must always be 
regarded as pathologic. In the earliest changes of diabetic 
microangiopathy, arterioles and capillaries often show prominent 
basement membrane thickening (30 ). This thickening can be 
readily identified in renal and peripheral nerve biopsies. Although 
there is physiologic evidence of small vessel disease in the heart 
and the peripheral vasculature, characteristic histologic changes of 
diabetic microangiopathy are seldom seen in these sites. In 
diabetes the amounts of type IV collagen and laminin are 
increased, but the proteoglycan component of the basement 
membrane is reduced. Albumin and immunoglobulins accumulate in 
these abnormal basement membranes, binding to glycosylated 
protein residues and contributing to the overall eosinophilic 
appearance. 


Figure 9.9 Florid fibrinoid necrosis in a small intestinal vessel of a 
girl with systemic lupus erythematosus. Fibrinoid necrosis is not a 
feature of normal aging or uncomplicated hypertension. It always 
should be regarded as pathologic. In this case, the involved vessel 
is probably an arteriole. Note the small vein (lower left ) and 
capillary (lower right ). 
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Figure 9.10 Healed temporal arteritis. This patient had been 
receiving steroid therapy for two weeks when this biopsy was 


performed. A. The low power view shows irregular thickening of 
the wall and a loss of about 50% of the internal elastic lamella. B. 
This higher power view shows fresh fibrous scarring of the media. 
Changes such as these are not part of the normal aging process 
(see Figure 9.6 ). 
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Capillaries 


In contrast to arterioles, capillaries have neither a muscular media 
nor an elastic lamella. A single but complete layer of endothelial 
cells lies on a basement membrane whose thickness varies from 
site to site. Basement membrane thickness increases with age, 
almost doubling in muscle capillaries from 10 to 70 years of age. 
There is no fibrous tissue support peripheral to this, but pericytes 
are present in and among the basement membrane. It is difficult 
to identify pericytes in routine sections, but they are easily seen 
by electron microscopy and also stain with antismooth muscle 
actin antibodies. They provide structural support; and, because 
they contain several forms of myosin, they may be able to 
regulate blood flow. It is likely that they are involved in the 
synthesis of vascular basement membrane and are capable of 
phagocytosis (31 ). It is generally accepted that the turnover of 
pericytes is increased in the capillaries of diabetics, and this may 
contribute to the development of small vessel disease (30 ). 


The endothelium of capillaries may have circular fenestrations that 
act as pores through the full thickness of the endothelial cell. 
Fenestrations are especially prominent in renal glomerular 
endothelial cells and are found in the intestinal mucosa, skin, and 
endocrine glands. In contrast, fenestrations are poorly developed 
or absent in brain, muscle, lung, and connective tissue (5 ). 


In certain sites, such as the liver, spleen, pituitary, adrenals, and 
bone marrow, the vessels that connect arterioles and venules are 


known as sinusoids rather than capillaries. With diameters of up to 
30 to 40 Aum, they are generally more distended than capillaries. 
They have prominent fenestrations, but there are also significant 

gaps between endothelial cells. In the liver, there is no significant 
associated basement membrane. 


Venules and Veins 


The transition from venous capillary to muscular venule and small 
collecting vein is characterized by the gradual acquisition of a 
muscular media. Even in medium-sized veins (Figure 9.11 ), the 
internal elastic lamella is often incomplete and the muscle fibers 
are only poorly oriented into circular and longitudinal layers. The 
paracortical or high endothelial venules of lymph nodes have an 
important role in T-lymphocyte recirculation (32 ). The endothelial 
cells of postcapillary venules have a prominent cuboidal or 
columnal appearance, usually with an ovoid nucleus and a single 
central nucleolus. They stain specifically with the HECA-452 
antibody (see below). 
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Figure 9.11 A renal vein from a 58-year-old woman, close to the 
junction with the inferior vena cava. There is no significant intimal 
thickening, and a thin internal elastic lamella can be identified. 


Note the thin layer of subendothelial collagen. The muscular wall is 
composed of coarse fascicles, which are not clearly arranged into 
circular and longitudinal layers (elastic van Gieson). 
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Placental, dural, and retinal veins and the veins of erectile tissue 
have very litthe muscle. In general, the veins of the lower limb 
have thicker walls than those of the arm and abdomen. Most veins 
have valves to prevent the reflux of blood. The increasing use of 
the saphenous vein as an arterial conduit has led to a greater 
understanding of the normal structure of larger veins and the 
changes that occur in them as a result of aging. Large veins have 
a thin layer of subendothelial connective tissue with one or more 
incomplete elastic lamellae. Around this, there is an inner 
longitudinal and outer circular smooth muscle coat. The connective 
tissue adventitia is often well developed. Saphenous veins in 
middle-aged and elderly patients show intimal fibrosis and 
longitudinal and circular muscle hypertrophy with a substantial 
increase in medial connective tissue. Sometimes a prominent third 
outer longitudinal muscle layer (Figure 9.12 ) forms between the 
circular coat and the adventitia (33 ). These changes must be 
distinguished from the form of atherosclerosis that develops in 
vein bypass grafts. 


Lymphatics 


At the light microscopic level, small lymphatics closely resemble 
capillaries. In general terms, lymphatics have a larger diameter 
and a less regular cross-sectional profile (34 ). They begin as 
dilated channels with closed ends and anastomose freely. Although 
they are present in most tissues, they are rarely found in the 
epidermis, nails, cornea, articular cartilage, central nervous 
system, or bone marrow. Lymphatic channels have numerous 
valves and are often slightly distended at these sites, producing a 


Slightly beaded appearance. Lymphatics with a diameter of more 
than 0.2 mm usually have a thin muscular media, with no clear 
division into circular or longitudinal coats, and a fibrous adventitia. 
A longitudinal muscular layer is present in the right lymphatic and 
thoracic ducts. As detailed and illustrated below, lymphatic vessels 
stain specifically with two antibodies, D2-40 and LYVE-1. 


Figure 9.12 A saphenous vein with a prominent third outer 
longitudinal muscular coat (M ). Reprinted with permission from: 
Milroy et al. Histological appearances of the long saphenous vein. J 
Pathol 1989;159:311a€“316. 

With permission. 


Pulmonary Arteries and Veins 


Although the basic histologic structure of pulmonary vessels 
resembles that of their systemic counterparts, there are 


differences that reflect the much lower pressure of the pulmonary 
circuit. The lumina of major pulmonary arteries are widely dilated 
in comparison with wall thickness. The intima is hardly discernible. 
In an adult, the pulmonary arterial media is composed of only 10 

to 15 parallel elastic lamellae, whereas, even in a young child, 40 
aortic lamellae can be identified. The thickness of the pulmonary 

trunk is about 40 to 80% that of the aorta (Figure 9.13 ). 


In the systemic circulation, the transition from elastic to muscular 
arteries is abrupt and is usually at the point of a major arterial 
orifice. In contrast, even pulmonary arteries as small as 0.5 to 1.0 
mm in diameter are elastic vessels (35 ,36 ). Muscular pulmonary 
arteries and arterioles also have thin walls in relationship to their 
luminal diameter, but this may be difficult to appreciate unless 
special techniques of perfusion or fixation are used. In comparison 
with systemic arteries, there is usually a prominent internal and 
external elastic lamella. Arterioles give rise to a rich network of 
alveolar capillaries. Pericytes are not easily identified, and in 
places the endothelium and alveolar epithelium appear to share a 
common basement membrane. The walls of pulmonary veins are 
less structured than their systemic counterparts. The media is 
composed of a rather haphazardly arranged but roughly circular 
layer of connective tissue and muscle. No distinct and continuous 
elastic lamellae are present, and valves are said to be absent 
(Figure 9.14 ). 


It can be difficult to distinguish the early vascular changes of 
pulmonary hypertension from those of normal aging (Table 9.4 ). 
The histologic changes have been described and comprehensively 
illustrated (35 ,36 ). The initial changes in both conditions include 
intimal fibrosis and medial muscular hypertrophy, and each of 
these features is most prominent in muscular arteries and larger 
arterioles (37 ). The absence of significant changes in the larger 
arteries may be misleading. In long-standing pulmonary 
hypertension, the complex changes in muscular arteries include 
florid intimal thickening, marked medial hypertrophy, and 


prominent dilatation of small branches of parent vessels (Figures 
9.13D ,9.15 ). In the 
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most extreme examples, angiomatoid malformations may develop, 
and occasionally there is fibrinoid necrosis of the vessel wall (38 
,39 ). Lung biopsy is no longer used for the assessment of 
pulmonary hypertension in children with congenital heart disease 
nor in adults with primary pulmonary hypertension. However 
surgical pathologists must make a careful assessment of the 
pulmonary arteries and veins in lung biopsy specimens and be able 
to describe and grade these alterations accurately (40 ). 


Figure 9.13 A. Elastic pulmonary artery from a 1-year-old child. 
The lung was inflated via the main pulmonary artery, which 
therefore appears much larger than the corresponding bronchus. 
B. A magnified view of the elastic wall (Gomori's trichrome). C. 
The transition from elastic to muscular pulmonary arteries in a 73- 
year-old man. Note the larger number of elastic lamellae. There is 


Slight fibrous intimal thickening only (elastic van Gieson). D. A 
small pulmonary artery from a patient with longstanding 
pulmonary hypertension and chronic obstructive airways disease. 
There is hypertrophy of the muscular wall and pronounced fibrous 
intimal thickening (Gomori's trichrome). 


Aging changes in pulmonary veins are seldom described in detail. 
In severe, long-standing cardiac failure, intimal fibrosis, medial 
hypertrophy, and hyalinization are prominent pulmonary venous 
abnormalities. Marked medial hypertrophy may confer an 
arterialized appearance to pulmonary veins, and they may appear 
to have an internal and external elastic lamina. Multiple levels 
should be taken and stained for elastin and by a trichrome 
method. The elastic lamellae are seldom complete in these 
abnormal veins, and there is often more medial fibrosis than in 
corresponding pulmonary arteries. Even so, accurate distinction of 
abnormal pulmonary arteries and veins can be difficult. 


Anastomoses, Angiodysplasias, and 
Vascular Malformations 


There is potential for anastomoses between many arteries and 
veins. These are especially developed in the skin, where they 
contribute to thermoregulation. They vary in size from about 200 
to 800 Aum and in some sites, such as the nail bed, have a 
complex structure. There are also anastomoses between 
pulmonary and bronchial veins and between the portal and 
systemic circulations. Peripheral glomus tumors almost certainly 
arise from supporting cells that surround the normal but rather 
complex anastomosing channels between digital arterioles and 
venules. Glomus cells do not express endothelial markers but, 
because they stain with smooth muscle actin and vimentin, may be 
related to vascular smooth muscle (41 ). The potential connections 
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between the portal and systemic circulations, either in the 
submucosa of the esophagus or rectum or in the periumbilical or 
diaphragmatic region, may be massively dilated in advanced 
hepatic disease. Biopsies are seldom performed surgically. 


A by Pie 

Figure 9.14 Normal pulmonary veins. A. A pulmonary venule 
draining into a small vein. Very little muscle is present in the wall. 
B. A large pulmonary vein close to the hilum of the lung. 
(Gomori's trichrome) 


Elastic arteries (>500 Aum) 

Widely patent lumen, media of 10 to 15 parallel lamellae of elastic 
tissue 

Slight intimal fibrosis; increased medial thickness due to collagen 
deposition; occasional atheromatous plaques 

Atherosclerosis and dilation of main pulmonary arteries; medial 
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thickening due to hypertrophy of admixed muscular elements 
Muscular arteries or arterioles 

Thin muscular wall often with distinct internal and external elastic 
lamina 

Increased muscular media, eccentric intimal fibrosis, especially in 
vessels less than 300 Aum in diameter 

Complex changes include florid intimal thickening, medial 
hypertrophy, dilation of small branches, angiomatoid (plexiform) 
lesions, and fibrinoid necrosis 

Veins 

Thin media of irregularly arranged fibrous tissue and muscle. No 
distinct elastic lamella. No valves. 

Few detailed studies. The media may appear hyalinized. 

Intimal fibrosis, medial muscular hypertrophya€”occasionally 
sufficient to mimic appearance of arteries 


Age-Related Pulmonary 
Vessel Normal Changes Hypertension 


Table 9.4 Histologic Features of Pulmonary Vessels 


Figure 9.15 Advanced pulmonary hypertensive changes. A. There 
is marked hypertrophy of the medial muscle in a small pulmonary 
artery. B. An early plexiform lesion with nearby dilated thin-walled 
branches (arrow ). (Gomori's trichrome.) 


Surgical pathologists must be familiar with the normal vascular 
patterns of the cerebral meninges and the colonic submucosa if 
cerebral arteriovenous malformations and large intestinal 
angiodysplasia are to be accurately assessed. Each of these areas 
has a rich vascular supply with numerous, sometimes thick-walled, 
venous channels. Malformations or angiodysplasias must only be 
diagnosed if there is undoubted evidence of an abnormal vessel 
wall. Aging changes and atherosclerosis seldom involve the smaller 
leptomeningeal arteries. In arteries, eccentric fibrous intimal 
thickening or disruption of the elastic lamellae support a diagnosis 
of a malformation. Veins in these malformations have irregular 
contours, the thickness of their muscular wall may vary markedly, 
and the wall can be uniformly fibrosed. 


Angiodysplasia of the colon is a common cause of lower 
gastrointestinal hemorrhage. The lesions are usually present on 
the antimesenteric border of the cecum, often close to the 
ileocecal valve (42 ). They are not direct arteriovenous 
anastomoses but rather dilatations of preexisting, and previously 
normal, capillary rings and veins (Figure 9.16 ). The dilatation of 
these vessels may be the result of increased colonic muscular 
pressure causing intermittent obstruction of draining vessels. 
Multiple blocks must be examined and the appearances contrasted 
with a control section of submucosa from a normal colon. 
Submucosal arteries of the large intestine may show pronounced 
age-related tortuosity, and this must not be interpreted as an 
abnormality. A proportion of cases with good clinical or radiologic 
evidence of angiodysplasia will not be confirmed histologically. 
Some cases of massive gastrointestinal hemorrhage result from 
abnormally large submucosal arteries. This is most common in the 
stomach but also has been reported in the large and small 
intestine. Arteries in the submucosa of the proximal portion of the 
stomach can arise directly from omental vessels and may have a 
larger caliber than superficial arteries arising from a submucosal 
plexus, the so-called caliber-persistent artery or Dieulafoy's lesion 


(43 ,44 ). 


Vascular malformations are congenital lesions composed of mature 
but often malformed (dysplastic) blood vessels. They result from 
dysregulation in the signalling pathways of vasculogenesis in early 
embryonic life (45 ) and must be distinguished from true angiomas 
and reactive hyperplasias. They may be solitary lesions or be part 
of a dysmorphic syndrome and grow slowly but progressively, 
usually commensurate with the growth of the patient (46 ,47 ). 
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They are classified according to the size of the predominate type 
of vessel. Clinically, a distinction is made between low- and high- 
flow lesions. The latter are usually arteriovenous malformations 
characterized by connections between feeding arteries and 
draining veins, without an interconnecting capillary bed, the so- 
called arteriovenous fistula (48 ). Fistulae are rarely found in 
tissue sections; but in these lesions arteries have a tortuous 
course, and a proportion of veins may show intimal thickening with 
collagen and elastin deposition in their walls. Pure venous 
malformations are composed of dilated vascular channels with 
walls of variable size, showing irregular degrees of attenuation and 
fibrosis. Complications include thrombosis with organization, 
papillary endothelial hyperplasia (Masson's pseudotumor), and 
nodular calcification. In lymphatic malformations, the vascular 
channels vary considerably in size and may have an incomplete 
muscular wall. As in other vessels their endothelium stains with 
CD31 and CD34 antibodies and with factor VIII-related antigen. 


Figure 9.16 Angiodysplasia of the colon. Note the many dilated 
thin-walled blood vessels in the submucosa. Although these 
vesselS are distended, their basic structure is unaltered. 


Vascular Surgery 


The changes commonly seen in vessels after surgical procedures 
and interventions are summarized in Table 9.5. 


Endarterectomy 


Patency can be restored to a partially occluded artery by drawing 
out a proportion of the atherosclerotic intima. The procedure is 
usually applied to the carotid bifurcation, the iliac, femoral, or, 
occasionally, coronary arteries. Ideally, the surgeon should 
establish a plane between the innermost media and the intima, 
and the atheromatous material should be removed in its entirety. 
At its bifurcation the carotid artery has an elastic wall, and the 
material removed will include layers of elastic tissue, 

atheromatous debris, and thrombus. Acute postoperative thrombus 


formation is the most important immediate complication of the 
procedure. Longer term complications are recurrent thrombosis, 
aneurysmal dilatation, and restenosis due to fibrous intimal 
proliferation (49 ). 


Bypass Grafts 


The pathologic changes that occur in autologous saphenous vein 
bypass grafts have been described in detail (50 ). Care must be 
taken to distinguish these changes from those associated with 
normal aging. When subjected to arterial pressure, many vein 
grafts dilate and most develop some fibrous intimal thickening and 
medial muscular hypertrophy. In time, many develop pronounced 
fibrous intimal thickening with areas of lipid deposition, intramural 
hemorrhage, and thrombosis. These appearances closely mimic 
atherosclerosis and are an important cause of graft failure. In one 
postmortem study in which saphenous vein conduits were sampled 
throughout their length, more than 75% narrowing was 
demonstrated in 11 to 26% of the segments examined (51 ). 
Grafts can sometimes be dilated by angioplasty, but redo coronary 
bypass procedures are now a Significant part of the work of all 
cardiac surgery departments. 


Endarterectomy 

Acutely: surface platelet and fibrin deposits on inner face of 
surgical dissection, occasionally progressing to occlusive 
thrombosis. 

Chronically: variable degrees of fibrous intimal hyperplasia, 
occasionally progressing to restenosis. a€ceFalsea€* aneurysm 
formation. 

Vein bypass grafting 

Acutely: thrombosis, dissection at anastomosis site. 
Chronically: dilatation with fibrous intimal thickening and medial 
muscular hypertrophy (to be contrasted with preimplant state). 
Occasionally, marked intimal fibrosis with lipid deposition and 


hemorrhage, leading to occlusion (a€cevein atherosclerosisa€e ). 
Internal mammary and radial artery grafting 

Acutely: thrombosis at anastomoses sites. 

Chronically: occasional grafts become fibrosed. Graft 
atherosclerosis uncommon. 

Angioplasty and stenting 

Acutely: acute inflammation, dissection, and thrombosis. 
Chronically: restenosis due to reactive fibrous intimal thickening, 
now reduced by drug eluting stents. 

Prosthetic vessels 

Acutely: thrombotic occlusion. 

Chronically: extensive macrophage and giant cell infiltration of 
fabric wall. Formation of fibrin-rich pseudointima, occasionally 
progressing to partial or complete occlusion. Graft failure and 
thrombosis. 


Procedure Spectrum of Histologic Change 


Table 9.5 Pathologic Changes After Vascular Surgery 


In cardiac surgery, coronary artery stenoses are routinely 
bypassed with the left or right internal mammary artery. The 
origin of the artery from the subclavian artery is preserved, and it 
is then dissected away from the chest wall. There is usually a 
surrounding cuff of soft tissue, but some surgeons dissect this 
away, producing a so-called a€oceskeletalizeda€* graft. Long-term 
patency rates are superior to saphenous vein grafts. The caliber of 
the normal internal mammary artery is similar to that of distal 
coronary arteries. Preexisting occlusive disease is present in fewer 
than 5% of patients, and only occasional grafts develop 
atheromatous obstructions (52 ). In its proximal portion, the 
internal mammary is an elastic 
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artery, but the media is muscular from about the level of the 


fourth rib. 


Figure 9.17 Coronary artery stenting. Metallic stents were 
inserted three weeks before this patient's death. The stent placed 
in the left anterior descending artery (left ) is fully patent and an 
excellent result has been obtained by the angioplasty procedure. 
In contast, some reactive fibrosis has formed in the stent that was 
placed in the right coronary artery (right ). 


Segments of the radial artery are also used as free grafts. Like 
Saphenous vein grafts, they are anastomosed proximally to the 
aortic root and distally to the coronary arteries. The radial artery 
is muscular and is invariably free of significant atheroma. 


Angioplasty 


Percutaneous coronary angioplasty (PTCA) with stent emplacement 
is now the treatment of choice for many proximal coronary 
stenoses and is increasingly used as a primary intervention to 
open thrombosed coronary arteries after myocardial infarction (53 
). The mortality rate in most centers is now less than 1%, and 
over 90% of procedures are initially successful (52 ). In order to 
dilate the vessel, the heavily fibrous and focally calcified 
atheromatous plaque must be cracked open. Only when this has 
occurred can the deeper intima and underlying media be distended 
by the inflated balloon and held open by the expandable metallic 


stent. Early histologic studies of patients dying soon after 
angioplasty demonstrated a characteristic pattern of radial tears or 
splits, sometimes with dissections extending into the underlying 
media. 


Stents minimize the complications of these changes, but stent 
thrombosis is an occasional complication (54 ). Restenosis is the 
result of fibrous intimal proliferation, thrombus formation, and an 
overall reduction in the size of the vessel lumen, the so-called 
constrictive remodelling (55 ,56 ). Stents coated with 
immunosuppressant or antineoplastic agents, such as sirolimus or 
paclitaxel, are now used routinely and have reduced rates of 
restenosis aS compared to bare metal stent (57 ,58 ). If death 
occurs soon after the procedure, the stent can be carefully 
extracted from the opened artery (Figure 9.17 ), which is then 
processed in the usual way. After late closure, stents can be cut 
with an electric diamond saw and then embedded in hard plastic. 


Prosthetic Vessels 


Various types of fabric graft are used for the treatment of 
peripheral vascular disease, for closing cardiac septal defects, or 
in other more complex procedures in children with congenital heart 
disease. Acute occlusion of prosthetic vessels is usually the result 
of surgical technique or poor flow rates. In time, prosthetic grafts 
develop a pseudointima. This has a jellylike consistency, may 
develop a partial (though not a complete) endothelial lining, and is 
composed of fibrin and enmeshed leukocytes (59 ). However, the 
most striking feature of these prosthetic vessels is the intense 
mononuclear and giant cell reaction that develops around the 
woven fibers of the graft. There is usually a moderate degree of 
adventitial fibrosis that binds the prosthesis to the surrounding 
tissues and reduces its elasticity. Long-term complications include 
thrombosis, particularly at flexures or surgical anastomoses, 
infection, and deterioration of the fibers of the graft. 


Electron Microscopy 


Ultrastructural studies have made enormous contributions to our 
understanding of vascular biology. However, even surgical 
pathologists with a specific interest in vascular pathology have 
only limited experience and expertise in electron microscopy. 
Some of the most important ultrastructural features of vessels are 
Summarized inTable 9.6. 


Endothelial cells are joined by tight, adherans or gap junctions. 
Transendothelial channels characterize fenestrated endothelium, 
as in hepatic sinusoids, glomeruli, and endocrine organs. 
Cytoplasmic inclusions of endothelium include lysosomes, 
plasmalemmal vesicles, and Weibel-Palade bodies (see Figure 9.19 
). 

Capillary endothelium is surrounded by basement membrane in 
which pericytes are embedded. There is very little basement 
membrane around lymphatic vessels. There are direct appositions 
between processes of pericytes and endothelium through gaps in 
the basement membrane. 

Smooth muscle cells are invested in basement membrane and are 
linked by communicating (gap) junctions. Elastin and collagen 
fibers may be closely opposed to the surfaces of smooth muscle 
cells. 

No significant media in small arterioles, capillaries, or lymphatics. 
The adventitia is composed of collagen and some elastin fibers. It 
has a well-developed structure in large veins but is very thin in 
some arteries. 


Table 9.6 Ultrastructural Features of Vascular Tissues 


Endothelial Cells 
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The entire vascular system is lined internally by a single layer of 
rather spindle-shaped endothelial cells. Small fingerlike microvilli, 
200 to 400 nm long, may be seen on the surface of endothelial 
cells (Figure 9.18 ). A thin polysaccharide layer, the glycocalyx, 
coats the luminal surface of the endothelium. This is up to 100 nm 
in thickness, but its exact function is uncertain. Although 
endothelial cells have relatively sparse endoplasmic reticulum, a 
small number of free ribosomes, and an inconspicuous Golgi 
apparatus they produce a variety of molecules that are important 
in blood coagulation and the regulation of vascular tone. 


Junctional complexes between endothelial cells are tight, 
adherens, or gap junctions (60 ). Tight junctions have a barrier 
function and help to maintain cell polarity. Molecules of the claudin 
family create the barrier and regulate electrical resistance 
between cells (61 ,62 ). Loss of this barrier function may be 
important in disorders such as diabetic retinopathy (63 ,64 ). 
Adherens junctions regulate permeability to white cells and soluble 
molecules and have a role in contact inhibition. Gap junctions are 
assembled from proteins known as connexins and form channels 
between adjacent cells (65 ). Alterations in gap junction proteins 
have been documented in human heart disease, including atrial 
and ventricular arrhythmias (66). 


Inclusions of Endothelial Cells 


Lysosomes are readily identified in most endothelial cells and are 
involved in intracytoplasmic digestion of foreign debris and 
products of metabolism. In many areas of the vascular system, 
membrane-bound vesicles measuring up to 80 to 90 nm can be 
identified (Figure 9.19 ). They are most prominent on the 
abluminal surface of the endothelial cell. They were originally 
known as plasmalemmal vesicles but are now usually termed 
caveolae. Their functions include the sequestration and 
concentration of small molecules, and they contribute to the 


endothelial barrier function, regulation of nitric oxide synthesis, 
and cholesterol metabolism (67 ). Weibel-Palade bodies are 
characteristic inclusions of endothelium and measure up to 3 Aum 
in maximum dimension. These membrane-bound structures contain 
up to 25 parallel tubular arrays. Immunologic studies have shown 
that Weibel-Palade bodies are sites of storage of von Willebrand 
factor. They are a useful marker of endothelial cells but are 
seldom as conspicuous as in Figure 9.19. 


Figure 9.18 Scanning electron microscopic appearances of the 
endothelium from an experimental animal perfused under pressure 
with fixative. The junctions between individual endothelial cells are 
clearly seen; and, in this preparation, microvilli are particularly 
prominent (original magnification A—1,200). 


Figure 9.19 Transmission electron micrograph of an endothelial 
cell from a small subcutaneous capillary. Plasmalemmal vesicles 
are present on the abluminal surface (arrowheads ). There are 
conspicuous Weibel-Palade bodies (arrows ). Only part of the 
endothelial cell nucleus is included (bottom ) (original 
magnification © A—15,000). 


The permeability of capillaries varies considerably from organ to 
organ. In some sites, such as the renal glomerulus, 


the hepatic sinusoids, the small intestine, and some endocrine 
glands, there is a rapid interchange between blood and the 
surrounding tissue. Some of these permeability differences are 
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related to the exact nature of the junctions between endothelial 
cells, but endothelial fenestrae also have an important role in this 
respect. These fenestrations are in fact the openings of irregular, 
and sometimes incomplete, transendothelial channels that allow 
the rapid interchange of fluid between the blood vessel lumen and 
the interstitium. 


Media 


In the human aorta, homogeneous parallel elastic lamellae 
alternate with layers containing smooth muscle cells and a variety 
of extracellular components. Smooth muscle predominates in 
muscular arteries. The power of contraction of smooth muscle is as 
great as skeletal muscle and can be maintained for longer periods 
with greater shortening. The structure of smooth muscle cells is 
maintained by the intermediate filaments vimentin and desmin, 
and the contractile forces are generated by actin and myosin 
filaments. Smooth muscle cells are arranged in parallel 
longitudinal bundles with the wide part of one cell opposed to the 
tapering part of another. Each smooth muscle cell is covered by a 
basal lamina which merges with fine collagen and elastin fibers (5 


). 


Individual smooth muscle cells are often linked by communicating 
(gap) junctions, but tight junctions are not generally seen. In the 
microcirculation and in some larger arteries and arterioles, there 
are gap junctions between the smooth muscle cells and the 
overlying endothelium (68 ). These myoendothelial junctions could 
have an important role in relaying physiologic or pharmacologic 
stimuli between the blood vessel lumen and the media. 


Adventitia and Supporting Cells 


The adventitial layer consists almost entirely of collagen and 
elastic fibers. The thickness of this layer varies with the size of the 


vessel, and it may be continuous with the surrounding connective 
tissue. In some medium-sized veins, it is particularly well 
developed but in cerebral arteries may be as thin as 80 Aum. A 
layer of elastic tissue, the external elastic lamella, is present at 
the junction of the media and adventitia. In human material, it is 
seldom as pronounced as the internal elastic lamella but is 
prominent in many other mammalian arteries. The pericytes that 
are present in and among the basement membrane of capillaries 
and small venules superficially resemble fibroblasts. The 
ultrastructural appearance of their cytoplasmic filaments suggests 
that they are contractile, and this is further evidence that they are 
of mesenchymal origin (31 ). 


Lymphatics and Veins 


The smallest lymphatic vessels have wider lumina than blood 
capillaries and a discontinuous basement membrane. A variety of 
anchoring filaments bind the lymphatic endothelium to the 
surrounding collagenous tissues, perhaps providing the sort of 
Support normally produced by basement membrane and enmeshed 
pericytes in capillaries. The ultrastructural appearances of venous 
capillaries, venules, and small veins mirror those seen at the light 
microscopic level. 


Antigen Expression of Normal and 
Neoplastic Vascular Tissue 


Endothelium 


Endothelial cells cover the inner surface of the entire vascular 
tree, arterial, venous, capillary, and lymphatic. The most widely 
used antibodies are directed against von Willebrand factor (factor 
Vill), CD31, and CD34 (Figure 9.20 ). Because these antigens are 
present in all types of endothelial cells, they are considered to be 


panendothelial markers. The lectin Ulex europaeus 1 agglutinin 
binds to some {+-L-fructose containing glycocompounds and 
therefore to virtually all human endothelia (69 ). The staining 
pattern is sometimes more intense than with factor VIII 
antibodies, especially in immature vessels (70 ). However, all 
endothelial markers cross-react to some extent with other cell 
components. For example, in areas of hemorrhage or thrombosis, 
CD31 reacts strongly with platelets, macrophages, and 
lymphocytes, and von Willebrand factor can produce diffuse 
extracellular staining. Nevertheless these antibodies are 
indispensable for the identification of vascular tumors such as 
angiomas, hemangioendotheliomas, and angiosarcomas and can be 
helpful in the identification of tumor emboli in vascular or 
lymphatic channels, rather than in artifactual tissue spaces. 


Antibodies that recognize proteins involved in the early steps in 
angiogenesis include antiendoglin (CD105) and anti-VEGF (71 ). In 
different sites in the vascular system, the endothelium may show 
marked heterogeneity in morphology, gene expression patterns, 
and related differences in functional status. However, there are 
only limited variations in the immunophenotypic profile of 
endothelial cells. Antibodies to glucose transporter proteina€“1 
(GLUT-1 antibodies) react with the endothelium of cerebral 
capillaries, the placental vasculature, and one specific type of 
angiomaa€”the juvenile capillary angioma (Figure 9.21 ) (72 ). 
Another site specific antibody is anti-HECA 452, which reacts 
specifically with the plump endothelial cells of high endothelial 
venules in lymphoid tissue and postcapillary venules in chronically 
inflamed tissues (Figure 9.22 ). In inflamed tissues and in 
atheromatous lesions, endothelial cells undergo profound 
functional alterations (endothelial activation) associated with 
upregulation of antigens such 
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as ICAM-1, VCAM-1, and CD31 or with de novo expression of 
leukocyte adhesion molecules such as E-selectin. Until recently, 


there were no specific markers of lymphatic endothelium. Both D2- 
40 and LYVE-1 stain lymphatic endothelium specifically (Figure 
9.22 ) (73 ), and D2-40 staining has confirmed the lymphatic 
origin of Kaposi's sarcoma (74 ) (Figure 9.23 ). 


Figure 9.20 Staining of small vessels in a hemangioma with 
antibodies to factor VIII (A ) and CD34 (B ). As in these 
illustrations, the staining with CD34 is usually sharper than with 
factor VIII. Some nonspecific extravascular staining is often seen 
with factor VIII but has no significance. 


Smooth Muscle 


Biochemical and immunohistologic studies have demonstrated that 
vascular smooth muscle has a distinctive component of contractile 
and intermediate filament proteins (75 ). In most smooth muscle, 
13-smooth muscle actin and desmin predominate. In contrast, in 
vascular tissue there is abundant [+-smooth muscle actin, and 
vimentin exceeds desmin. Antibodies directed against smooth 
muscle actin (SMA-1) are excellent markers of medial muscle; 
SMA-1 recognizes the full spectrum of proliferating (or synthetic) 
and mature (or contractile) smooth muscle phenotypes. As SMA-1 
reacts with pericytes, it clearly outlines capillaries in reactive 
microvascular proliferations and in pyogenic granulomas and 


juvenile angiomas during their growth phase. Generally all benign 
vascular proliferations, including glomus tumors, stain strongly 
with SMA-1 antibodies (Figure 9.24 ). In contrast, this staining is 
often incomplete or even 
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absent in angiosarcoma, hemangiopericytoma, or Kaposi's sarcoma 
(Figure 9.23 ). 
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Figure 9.21 Site-specific staining of vascular endothelium. The 
vascular endothelium in this juvenile capillary hemangioma from a 
3-year-old male (A ) is specifically stained with the GLUT-1 
antibody (B ). This antibody also stains the endothelium of 
cerebral capillaries and the placenta. In contrast, the more 
commonly used endothelial antibodies such as factor VIII, CD31, 
and CD34 stain most types of normal and neoplastic endothelia. 
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Figure 9.22 Immunohistochemical staining of vessels. A. and B. 
show a mixture of vessels from the subcutaneous tissues of a 68- 
year-old female from close to a leg ulcer: CD31 antibody staining 
identifies many vascular spaces (A), and a similar section is 
stained with the antibody D2-40, which recognizes lymphatic 
endothelium only (B). C. and D. are from a nodular inflammatory 
infiltrate in the aortic adventitia adjacent to a large atheromatous 
plaque: C has been stained with CD31, which recognizes most 
vessels, and D was stained with HECA-452, which recognizes high 
endothelial venules. 


Figure 9.23 Kaposi's sarcoma. A. has been stained with H&E. B. 
was immunostained with the D2-40 antibody, a specific marker of 
lymphatic endothelium. Note the strong positive staining; LYVE-1 
is another antibody that specifically stains lymphatic endothelium. 
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Figure 9.24 Patterns of staining with smooth muscle actin 
antibody. A. and C. are from a benign vascular proliferation. Note 
the intense staining of the walls of these small vessels. B. and D. 


are from an angiosarcoma. Only small amounts of actin are 
present in the walls of the malignant blood vessels (D). 
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Figure 9.25 Immunohistochemical staining in atherosclerosis. A. 
CD3 positive lymphocytes are present at the edge of a lesion. B. 
Macrophages react for CD68. 


Other Useful Antibodies for Diagnostic 
Vascular Pathology 


Immunohistochemical studies of the inflammatory infiltrates in 
atheromatous lesions (Figure 9.25 ) have contributed greatly to 
our understanding of the pathogenesis of atherosclerosis (76 ) but, 
as yet, have no value in everyday surgical pathology. T- 
lymphocyte markers, such as CD3 and CD4, may be of use in the 
diagnosis of vasculitis, especially temporal arteritis with minimal 
inflammatory activity (77 ). In transplant arteriosclerosis, there is 
a high relative proportion of CD8+ T lymphocytes, which also 
express granzyme B. In addition to von Willebrand factor (factor 
VIII), antifibrinogen antibodies are excellent for the demonstration 
of vascular leakiness and tissue damage (24 ,78 ); CD61 stains 
platelet aggregates in microvessels [for example in small vessel 
vasculitis (78 )], angiolipomas, and coagulopathies [such as in the 
antiphospholipid syndrome]. Glycophorin A is a specific marker of 


erythrocytes and their precursors in the bone marrow. The 
epitopes are preserved in tissues for long periods, and the 
antibody is valuable in the detection of old hemorrhage; for 
example, in completely organized pulmonary thromboemboli (79 ) 
and in atherosclerotic plaques (80 ). 


Antiamyloid antibodies (antiamyloid A,  anti-immunoglobulin 
antibodies) are used to differentiate the nature of amyloid 
depositions, which have a preferential distribution in vessel walls. 
Cerebral vascular amyloid deposits usually do not stain with these 
antibodies. In pathologic conditions, such as cerebral amyloid 
angiopathy or amyloid found occasionally in cerebral vascular 
malformations, the depositions show positive staining with anti-[2- 
amyloid antibody. 
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Peripheral Nervous System 
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Roy O. Weller 


Introduction 


From a practical point of view, the pathology of peripheral nerves 
falls into two main categories: (a) peripheral neuropathies, which are 
diagnosed and treated by physicians and for which an elective nerve 
or muscle biopsy may be performed as a diagnostic procedure rather 
than as a therapeutic exercise, and (b) tumors and traumatic lesions, 
which are removed surgically mainly as a therapeutic measure to 
alleviate symptoms. 


For the diagnosis of peripheral neuropathies, a detailed knowledge of 
the structure, immunohistochemistry and ultrastructure of peripheral 
nerves, and clinicopathological correlations is essential. The 
diagnosis of tumors and traumatic lesions, conversely, relies more on 
identifying the cellular components within the lesion and their 
interrelationships. This chapter, therefore, concentrates first on how 
to identify different cellular components in normal peripheral nerves 
and, second, on how knowledge of the normal structure of peripheral 
nerves can be used to identify and assess pathological lesions. 


Development of the Peripheral Nervous 
System 


The first anatomical evidence of nervous system differentiation is the 
neural plate, which develops as a thickened 
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specialized area in the middorsal ectoderm of the late gastrula stage 
of the developing embryo. This zone later becomes depressed along 
the axial midline to form a neural groove that folds inward to form 
the neural tube (1). Before fusion is completed, groups of cells 
become detached from the lateral folds of the neural plate to form 
the neural crests. Anteriorly, neural crests are located at the level of 
the presumptive diencephalon and extend backward along the whole 
neural tube (2). 


The neural crest yields pluripotent cells endowed with migratory 
properties (1). In the peripheral nervous system, the neural crest is 
the source of neurons and satellite cells in the autonomic and 
sensory ganglia; ectodermal placodes may also give rise to ganglion 
cells in the cranial region. Schwann cells are also derived from the 
neural crest. Migrating pluripotent neural crest cells and their 
subsequent development is determined and progressively limited, 
perhaps by the inductive effect of neuregulins and their receptors 
erbB2 and erbB3, by environmental factors, and by relations with 
other cell types (1,3). The transcription factor Sox-10, that is initially 
expressed in the earliest migrating neural crest cells, appears to be 
intimately involved in the development of Schwann cells from the 
neural crest. Interestingly, the major myelin protein, PO, is also a 
transcriptional target for Sox-10 (3). 


Many of the events that occur during the later stages of development 
of peripheral nerves are recapitulated during the regeneration that 
follows nerve damage in postnatal life. Developing neuroblasts of the 
dorsal root ganglia (posterior sensory root ganglia) extend neurites 
both centrally into the neural tube and toward the periphery. 


Developing motor neurons in the anterior lateral parts of the neural 
tube extend their neurites toward the periphery. Schwann cells 
derived from the neural crest become associated with the developing 
peripheral nerves and eventually form myelin around many of the 
axons. The proximal portions of the anterior horn cell axons and the 
central axons of the sensory ganglion cells are myelinated within the 
neural tube by oligodendrocytes (Figure 10.1). 


Skeletal muscle 


Figure 10.1 Anatomy of spinal nerve roots. Motor axons arising 
from the anterior horn cell (A) are initially myelinated by 
oligodendrocytes (O) and then pass into the anterior root to be 
myelinated by Schwann cells (S). Sensory nerve axons pass into 
the dorsal root ganglion (DRG), and the central extension of the 
sensory neuron passes via the dorsal root into the spinal cord. 
Arachnoid (AR) appears to be continuous with the perineurium of 
the peripheral nerve (PN). Dura (D) extends from the spinal cord 
to coat the roots within the intervertebral foramen and is 
continuous with the epineurium (EN). 


Growth of Axons 


One of the major questions that has been raised is how neuronal 
processes grow over long distances and arrive at specific terminal 
regions. Genetic determinants, growth factors, and the extracellular 
matrix appear to play important roles in the appropriate guidance of 
neuronal processes (4,5). In 1909, Santiago RamA?n y Cajal 
proposed the concept of neurotrophic substances to explain the 
directionality and specificity of axonal growth in the developing 
nervous system, but it was not until the 1960s that nerve growth 
factor (NGF) was discovered by Rita Levi-Montalcini and Stanley 
Cohen, as a target-derived neurotrophic factor that supports the 
Survival and differentiation of sensory and autonomic ganglia in the 
peripheral nervous system (6). 


Nerve growth factor is a protein composed of three subunitsa€”alpha 
(i+), beta (12), and gamma ({i3)a€”but only the Î2-NGF has nerve 
growtha€“promoting activity. Beta-NGF in humans is a 14.5 KDa 
polypeptide, Î3-NGF is an arginyl esterase, whereas the function of 
the [+ subunit is not known (6,7). Other substances that participate 
in axon growth are members of the NGF family [such as brain- 
derived neurotrophic factor (BDNF)]; neurotrophins 3 (NT-3), 4/5 
(NT-4/5), and 6 (NT-6); semaphoring-3A, neuropilin-1, and = ephrin 
(8). The tips of growing axons possess multiple surface receptors for 
soluble and bound molecules that provide information for the axons' 
growth course (8). Nerve growth factor interacts with the NGF 
receptor on the surface of the axon and promotes motility of the 
growing tip of the axon by interaction with the cytoskeleton of the 
cell. Mitochondria, neurotubules, neurofilaments, actin filaments, and 
some cisternae of smooth endoplasmic 
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reticulum are incorporated into the axonal growth cone by 
axoplasmic flow. In addition to its growth promoting properties, NGF 


also promotes the early synthesis of neurotransmitters. 


Schwann cells in the developing nerve produce NGF and possess NGF 
receptors on their surface membranes, but expression of these 
receptors diminishes markedly as the peripheral nerve matures. As 
NGF binds to Schwann cell receptors and becomes concentrated on 
the surface of the primitive Schwann cell, it provides a chemotactic 
stimulus for growing axons (9). Failure of trophic interactions 
between the target organ and its innervation may result in nerve 
dysfunction. Indeed, cases of human neuropathies have been 
attributed to deficiency of neurotrophic factors; important data that 
provides a rational basis for the clinical use of neurotrophic agents in 
peripheral neuropathies (7). 


The extracellular matrix also plays an important role in axonal 
growth and guidance. The tip of the growing axon has receptors for 
adhesion to extracellular substances such as collagen, fibronectin, 
laminin, and entactin; binding of extracellular components to these 
receptors promotes elongation of axons and stimulates cytoskeletal 
protein synthesisa€”and therefore cell movement and axon growth. 
Some of these extracellular components are found within or near 
basement membranes surrounding Schwann cells (10,11). 


Schwann Cells and Myelination 


Schwann cells move freely between and around developing peripheral 
nerve axons, forming primitive sheaths around the neurites and 
growing in parallel with them. Contact with axons stimulates 
Schwann cell division in vitro (12). In vivo Schwann cell 

multiplication virtually ceases in the normal adult animal, but mitotic 
activity is induced by peripheral nerve damage. It is thought that 
exposure of the axon to the Schwann cell following loss of myelin 
Sheaths (demyelination) or during axonal regeneration following 
axonal degeneration (wallerian degeneration) promotes Schwann cell 
division and that the relationship between Schwann cells and axons 
in the normal nerve induces some sort of contact inhibition in the 


Schwann cells. If axon regeneration does not occur following axon 
damage, Schwann cells gradually decrease in number, suggesting 
that Schwann cell growth and survival depend on contact with axons 
(12). Experimental evidence also suggests that continued axon 
regeneration depends on the presence of Schwann cells (13). 


By the ninth week of gestation, fascicles of the human sural nerve 
are identifiable and contain large axon bundles surrounded by 
Schwann cell processes (14). Between weeks 10 and 15, Schwann 
cells extend several long flattened processes that wrap around large 
clusters of fine axons. At this stage, two to four Schwann cells are 
located within a common basement membrane and form Schwann 
a€cefamiliesa€* (15). 


Myelination of peripheral nerves in humans commences between the 
twelfth and eighteenth week of gestation (16). Initiation of 
myelination depends on the diameter of the axon and its association 
with Schwann cells. By the time that axons have increased in 
diameter to between 1.0 and 3.2 Aum, they are in a 1:1 relationship 
with Schwann cells and have either formed mesaxons or membrane 
Spirals with compact sheaths of 3 to 15 layers (12,15). The reason 
why some nerves become myelinated and others do not is not clear. 
Schwann cells around myelinated fibers and around unmyelinated 
fibers are both able to produce myelin, but the factors that 
determine whether myelination occurs are unknown. Certain 
transcription factors, such as Krox-20 and Oct-6, are known to be 
involved in the myelination program (3,4). In Oct-6 null mice, for 
instance, myelination is severely delayed, while in Krox-20 null mice 
myelination fails completely (3). Schwann cells in developing and 
regenerating peripheral nerves also express high levels of the 
neurotrophin receptor p75NTR. Neurotrophins are a family of 
proteins that play a variety of functions in the development and 
maintenance of the peripheral nervous system (17). Certain 
glycoproteins, such as myelin-associated glycoproteins, are believed 
to participate in establishing specific Schwann cella€“axon 
interactions in the developing peripheral nervous system (18). 


Experimental studies have shown that axons may induce the 
formation of myelin if the unmyelinated sympathetic chain is grafted 
onto a myelinated nerve such as the saphenous nerve. Schwann cells 
that had not previously formed myelin will do so if they come into 
contact with large, regenerating axons that were previously 
myelinated (3). It appears also that Schwann cells may influence the 
caliber of axons since axonal diameter may be decreased markedly in 
some hereditary demyelinating neuropathies in which there is a 
genetic defect in Schwann cells and in myelination (12,13). It has 
been demonstrated that myelinating Schwann cells control the 
number and phosphorylation state of neurofilaments in the axon, 
leading to enlargement of the axon itself. Conversely, absence of 
myelin results in fewer neurofilaments, reduced phosphorylation 
levels, and therefore smaller axon diameters (18). Myelin-associated 
glycoprotein (MAG) acts as a myelin signal that modulates the caliber 
of myelinated axons (19). Maintenance of an axon therefore appears 
to depend not only on influences from the neuron cell body but also 
on interactions of the axon with the accompanying Schwann cells 
(12). 


Some 70% of axons within a mixed sensory nerve, such as the sural 
nerve, are very small and will become segregated into groups of 8 to 
15 axons lying in longitudinal grooves within one Schwann cell; these 
will form the unmyelinated fibers within the peripheral nerve. Thus, 
all axons in the peripheral nervous system are invaginated into the 
surfaces of Schwann cells, but myelin sheaths only form around the 
larger axons, which represent only a small proportion of peripheral 
nerve fibers. 
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Anatomy of Peripheral Nerves 


An understanding of the anatomy of peripheral nerves is essential for 
the interpretation of clinical signs and symptoms and for planning an 
autopsy to investigate a patient with a peripheral neuropathy 


(14,15,19,20). 


Major nerves, such as the sciatic and median nerves, contain motor, 
sensory, and autonomic nerve fibers; they are thus compound nerve 
trunks. It was Sir Charles Bell, the Scottish physician, who first 
demonstrated that motor function lay in the anterior roots; FranA§ois 
Magendie, the French physiologist, showed that the sensory function 
lay in the posterior roots. This (anterior-motor; posterior-sensory) is 
known as the Bell-Magendie law. Motor nerves are derived from 
anterior horn cells in the spinal cord or from defined nuclei in the 
brainstem. The initial segment of the axon lies within the central 
nervous system and is ensheathed by myelin formed by 
oligodendrocytes (Figure 10.1). As the axons pass out of the 
brainstem or spinal cord they become myelinated by Schwann cells. 
Anterior spinal roots join the posterior roots as they pass through the 
intervertebral foramina to form peripheral nerve trunks. Cranial 
nerves leave the skull through a number of different foramina. The 
junction point between oligodendrocytes and the Schwann sheath of 
the cranial nerves, known as Obersteiner-Redlich zone (O-Rz), has 
some clinical significance. For example, the pulsatile compression of 
the O-Rz by a vessel in some exit foramina may be responsible for 
the clinical symptoms of trigeminal and glossopharyngeal neuralgia, 
hemifacial spasm, torticollis spasmodicus, or even symptoms of 
essential hypertension when a vascular cross-compression of the left 
vagus nerve occurs (21) 


Motor nerves end peripherally at muscle endplates and many of the 
sensory nerves are associated with peripheral sensory endings. The 
cell bodies of sensory nerves lie outside the central nervous system 
in the dorsal root ganglia or in cranial nerve ganglia (15). Each 
ganglion contains numerous, almost spherical neurons (ganglion 
cells) with their surrounding satellite cells. Such satellite cells are 
derived from the neural crest and have an origin similar to that of 
Schwann cells (22). Satellite cells have been referred to in the past 
by a large variety of names such as amphicyte, capsular cells, 
perisomatic gliocyte, or perineuronal satellite Schwann cells. 


Dorsal root ganglion cells were first described by the Swiss anatomist 
Albert von Kolliker in 1844. They are examples of pseudounipolar 
cells, which means that a single, highly coiled axon, or stem process, 
arises from each perikaryon; but, at varying distances from the 
neuron, there is a T- or Y-shaped bifurcation, always at a node of 
Ranvier, with the formation of central and peripheral axons. Thus, 
the initial segment of axon gives the impression that the cell is a 
unipolar neuron when it actually has two axons (Figure 10.1). The 
central axon passes into the spinal cord, either to synapse in the 
posterior sensory horn of gray matter or to pass directly into the 
dorsal columns. Peripheral axons pass into the peripheral nerves 
(15). 


Autonomic nerves are either parasympathetic or sympathetic. 
Preganglionic parasympathetic fibers pass out of the brainstem in the 
cranial nerves III, VII, IX, and X and from the sacral cord in the 
second and third sacral nerves. Postganglionic neurons are situated 
near or within the structures being innervated. Sympathetic 
preganglionic fibers arise from neurons in the intermediolateral cell 
columns of gray matter in the thoracic spinal cord and pass out in 
thoracic anterior roots (15). These preganglionic fibers are 
myelinated and reach the sympathetic trunk through the 
corresponding anterior spinal roots; they synapse with the 
sympathetic ganglion cells in paravertebral or prevertebral locations. 
The autonomic nervous system innervates viscera, blood vessels, and 
smooth muscle of the eye and skin (15). 


Histology, Immunocytochemistry, and 
Ultrastructure of Peripheral Nerves 


Components of the Nerve Sheath 


Macroscopic inspection of a normal peripheral nerve reveals 
glistening white bundles of fascicles bound together by connective 


tissue. The intraneural arrangement of fascicles is variable and 
changes continuously throughout the length of every nerve. Damaged 
peripheral nerves are often gray and shrunken due to the loss of 
myelin. Microscopically, transverse sections of a peripheral nerve 
(Figure 10.2) show how endoneurial compartments containing axons 
and Schwann cells are surrounded by perineurium to form individual 
fascicles embedded in epineurial fibrous tissue. 


Epineurium 
The epineurium consists of moderately dense connective tissue 
binding nerve fascicles together. It merges with the adipose tissue 
that surrounds peripheral nerves (Figure 10.2A), particularly in the 
subcutaneous tissue. In addition to fibroblasts, the epineurium 
contains mast cells. Although mostly composed of collagen, there are 
elastic fibers in the epineurium so that, when a specimen of unfixed 
nerve is removed from the body, there is some elastic recoil of the 
epineurium (20,23). The amount of epineurial tissue varies and is 
more abundant in nerves adjacent to joints. As nerve branches 
become smaller to consist of only one fascicle, epineurium is no 
longer present. In nerves that consist of several fascicles, one or 
more arteries, veins, and lymphatics run longitudinally in the 
epineurium parallel to the nerve fascicles (the vasa nervorum) 
(15,20,25) (Figure 10.2). Inflammation and occlusion of such arteries 
is an important cause of nerve damage in vasculitic diseases (25). 
The overgrowth of epineurial adipose tissue produces 
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the so-called lipofibromatous hamartoma, which classically affects 
the hands and is associated with enlargement of the affected digit 
(26). 


Figure 10.2 Peripheral nerve sheaths and compartments. A. A 
low-power view of a transverse section of a normal sural nerve. 
The nerve fascicles with roughly circular outlines are surrounded 
by perineurium and embedded in the connective tissue of the 
epineurium. Epineurial blood vessels (arrow) are also cut in cross 
section, and there is adherent adipose tissue (upper left) (1-Aum 
resin section, toluidine blue, A—16).B. The endoneurial 
compartment containing myelinated and nonmyelinated nerve 
fibers and their accompanying Schwann cells is surrounded by 
perineurium. A large epineurial artery (arrow) is seen at the 
lower right (paraffin section, H&E, A—45). 


Perineurium 


Originally described by Friedrich G.J. Henle in the nineteenth 

century, the perineurium has, in the past, been known by a variety of 
different terms, such as mesothelium, perilemma, neurothelium, 
perineurothelium, and, more recently, perineurial epithelium (15,20). 


Based on the pioneer work of the 1995 Nobel Prize winners 
Christiane NAYsslein-Volhard and Wieschaus, an intercellular 
signaling molecule secreted by Schwann cells known as Desert 
Hedgehog, was described, that functions as an important molecule in 


the formation of the perineurium. Apparently this molecule signals to 
the surrounding connective tissue cells to organize the perineurium 


(3). 


The perineurium consists of concentric layers of flattened cells 
separated by layers of collagen (Figures 10.2,10.3,10.4). The 
number of cell layers varies from nerve to nerve and depends on the 
size of the nerve fascicle. In the sural nerve, for example, there are 
8 to 12 layers of perineurial cells, but the number of layers 

decreases progressively so that a single layer of perineurial cells 
surrounds fine distal nerve branches (20). Perineurial cells eventually 
fuse to form the outer-core of the terminal sensory endings in 
pacinian corpuscles and muscle spindles (20,24,27). In motor nerves, 
the perineurial cells form an open funnel as the nerve ends at the 
motor endplate. Paraganglia of the vagus nerve may lie just 
underneath the perineurium (28). 


By electron microscopy, perineurial cells are seen as thin sheets of 
cytoplasm containing small amounts of endoplasmic reticulum, 
filaments, and numerous pinocytotic vesicles that open on to the 
external and internal surfaces of the cell. Basement membrane is 
usually seen on both sides of each perineurial lamina (29,30). 
Numerous cell junctions, including well-formed tight junctions 
(zonulae occludentes), are present between adjacent perineurial cells 
and appear to be critical for the formation of 
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the blood-nerve barrier (15,30). Claudins are integral membrane 
proteins that play a major role in tight junctions and are present in 
normal and neoplastic perineurium. Claudins comprise a group of 
approximately 20 different proteins that are exclusively localized in 
tight junctions (31). In peripheral nerves, claudin-1 expression is 
largely limited to perineurial cells but is also present in paranodal 
regions and in the outer mesaxon along internodes (31,32). When 
tracer substances such as ferritin and horseradish peroxidase are 


injected into the blood, they do not enter peripheral nerves. Their 
entry is prevented by tight junctions in endoneurial capillaries and by 
the tight junctions in the inner layers of the perineurium. Thus, there 
is a blood-nerve barrier analogous to the blood-brain barrier (30). 
The blood-nerve barrier is present soon after birth and may prevent 
the entry of drugs and other substances into nerves that may 
otherwise interfere or block nerve conduction (30,33). No such 
blood-nerve barrier exists in the dorsal root ganglia or in autonomic 
ganglia; these sites in the peripheral nervous system are vulnerable 
to certain toxins, such as mercury (34). 


Figure 10.3 Diagram to show the major elements of peripheral 
nerve compartments. The epineurium (EP) contains collagen, 

blood vessels, and some adherent adipose tissue. The flattened 
cells of the perineurium (PN) are joined by tight junctions and 


form flattened layers separated by collagen fibers. Renaut bodies 
(R) project into the endoneurium (EN). Schwann cells forming 
lamellated myelin (M) (drawn uncompacted in this diagram) 
surround the larger axons. Multiple unmyelinated axons (UM) are 
invaginated into the surface of Schwann cells. Other elements 
include fibroblasts (Fb), mast cells (Mc), capillaries (cap), and 
collagen (col). 
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Figure 10.4 |mmunocytochemistry of a normal peripheral nerve. 
A. Part of single nerve fascicle, cut in transverse section. 
Perineurium (top) surrounds the endoneurium containing 
myelinated nerve fibers (M). The nuclei are mainly those of 
Schwann cells (paraffin section, H&E, A—160). B. Similar field to 
(A) stained for epithelial membrane antigen. The perineurium 
(top) is densely stained [immunoperoxidase technique (ABC) with 


antiepithelial membrane antigen (anti-EMA) antibody, A—160]. C. 
Part of a nerve fascicle stained for neurofilament protein. Large 
myelinated axons are well stained, but unmyelinated axons are 
much smaller and more difficult to detect [immunoperoxidase 
technique (ABC) using an antibody against the 80 KDa 
neurofilament protein, A—160]. D. Part of a nerve fascicle 
stained for S-100 protein showing densely stained Schwann cells 
[immunoperoxidase (ABC) using anti-S-100 protein antibody, 
A—160]. E. Part of a nerve showing CD34+ endoneurial cells. 

| These cells are clearly distinct from the Schwann cells that 
comprise the bulk of the cell in the nerve [immunoperoxidase 
technique (ABC) using anti-CD34 (QBend10) antibody, A—160]. 
F. A traumatized nerve cut in longitudinal section showing 
regenerating axons (stained brown) (immunohistochemistry for 
GAP 43, A—40). (Photograph provided by Professor James 
Nicoll.) 


If the perineurium is injured, there is breakdown of the blood-nerve 
barrier and perineurial cells migrate into the endoneurium to 
surround small fascicles of nerve fibres (35). This is classically seen 
in amputation neuromas but is also observed in focal compressive 
lesions of nerve (36). The swelling of the nerve and the concentric 
arrangement of the perineurial cells in the compressive lesions 
Spawned the term localized hypertrophic neuropathy, but it is quite 
different from hypertrophic neuropathy (36), in which Schwann cells 
form whorls around individual axons in response to recurrent 
segmental demyelination (see below). 


Whereas the epineurial sheath of the nerve is continuous with the 
dura mater at the junction of spinal nerves and spinal nerve roots 
(Figure 10.1), the perineurium blends with the pia-arachnoid. There 
are some morphological similarities between perineurium and 
arachnoid cells, although arachnoid cells are not usually coated by 
basement membrane. Immunocytochemically, perineurial cells and 


pia-arachnoid cells are positive for epithelial membrane antigen 
(EMA) (Figure 10.4) and vimentin but are negative for S-100 protein 
and CD57 (37,38). Perineurial cells also express _ insulin-dependent 
glucose transporter protein | (Glut-1) (32,39). 


Epithelial membrane antigen belongs to a heterogenous family of 
highly glycosylated transmembrane proteins found originally on the 


surface of mammary epithelial cells (40) but which are also present 
in the cells of virtually all epithelial tumors (40). However, EMA is 
not restricted to epithelial structures and has been identified on 
plasma cells and on cells in certain lymphomas and soft tissue 
tumors (20,40). Perineurial cells, arachnoid, and pia share certain 
ultrastructural characteristics and express EMA and vimentin in their 
cytoplasm. Immunohistochemistry has demonstrated that  perineurial 
cells proliferate in some conditions, such as traumatic neuroma, 
Morton's neuroma, neurofibroma, solitary circumscribed neuroma, 
neurothekeoma, pacinian neuroma, and in the mucosal neuromas 
associated with multiple endocrine neoplasia (vide infra) (33,41). 


Some tumor cells break through the perineurial sheath to grow along 
the perineurial space; perineurial invasion has been correlated with 
decreased survival times in some cancers (42). The problem for the 
histopathologist, however, is that sometimes perineurial invasion 
cannot be unequivocally determined on hematoxylin and eosin 
(H&E)a€“stained sections. Immunocytochemistry for Glut-1, EMA, 
and claudin-1 may be used to rapidly and accurately assess the 
presence of perineurial invasion (38,43). Care must be taken, 
however, when examining cases of vasitis nodosa, in which benign 
proliferating ductules may be found within the perineurium and 
endoneurium (44). Nerve involvement has also been reported in 
fibrocystic disease of the breast, normal and hyperplastic prostate, 
and normal pancreas (44). 


Endoneurium 


The endoneurium is the compartment that contains axons and their 


surrounding Schwann cells, collagen fibers, fibroblasts, capillaries, 
and a few mast cells (Figures 10.3,10.4,10.5). 


In cross sections of peripheral nerves, some 90% of the nuclei 
belong to Schwann cells, 5% to fibroblasts, and 5% to other cells 
(such as mast cells and capillary endothelial cells). Within the 
endoneurium, CD34+ bipolar cells with delicate dendritic processes 
have been identified and are distinct from Schwann cells (45,46). 
Similar cells have been identified in peripheral nerve sheath tumors 
in various proportions (45). 


Some investigators have observed endoneurial dendritic cells, 
distinct from Schwann cells and conventional fibroblasts, that may 
function as phagocytes under certain conditions (47). In this regard, 
it has been described within the human endoneurium, an intrinsic 
population of immunocompetent and potentially phagocytic cells 
(endoneurial macrophages), that share several lineage-related and 
functional markers with macrophages and may represent the 
peripheral counterpart of del-Rio-Hortega cells (microglia) of the CNS 
(48,49). 


Nerve fibers may be myelinated or unmyelinated but not all nerves 
have the same nerve fiber composition. Most biopsies of peripheral 
nerves in humans are taken from the sural nerve at the ankle, and it 
is the composition of this nerve that has been most closely studied 
(50). Fibroblasts are ultrastructurally identical to fibroblasts 
elsewhere in the body. Mast cells are a normal constituent of the 
endoneurium and are also seen in sensory ganglia and in the 
epineurial sheath of peripheral nerves. There is an increase in the 
number of mast cells in some pathological conditions such as axonal 
(wallerian) degeneration 
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and in some neoplastic entities such as von Recklinghausen's disease 
(neurofibromatosis). A characteristically high number of mast cells is 
seen in neurofibromas, but they are only present in the Antoni B 
areas of schwannomas (24,51). Mast cells are thought to influence 


growth of neurofibromas because some of their mediators may also 
act as growth factors (52). Apparently the inciting factor for mast cell 
migration into nerve sheath tumors is Kit ligand that is 
hypersecreteted by NFa€“/a€“ Schwann cell populations (52). Mast 
cell stabilizers are claimed to reduce proliferation and itching of 
neurofibromas (52). Following nerve injury, there is breakdown of 
the blood-nerve barrier as endoneurial vessels become permeable to 
fluid and protein; this increase in permeability may be related to the 
release of biogenic amines from mast cells within the endoneurium. 
Proteases released from mast cells have a high myelinolytic activity 
and may play a role in the breakdown of myelin in certain 
demyelinating diseases (52,53). 


Figure 10.5 High-power histology of human sural nerve in 
transverse section. A. Large- and smalldiameter myelinated 
fibers are seen. In the normal nerve, these fibers are separated 
from each other, but small numbers of clusters (see Figure 
10.12B) are seen in this illustration (1-Aum resin section, 
toluidine blue, A—160). B. Part of a sural nerve fascicle cut in 
transverse section. Perineurium is at the top right (PN). Both 
large and small myelinated fibers vary in cross-sectional outline. 
Splits within the sheath are Schmidt-Lanterman incisures. Also 
visible are an endoneurial blood vessel (BV) and a section 


through a fiber near the node of Ranvier (N). Unmyelinated 
axons are seen as unstained circles within Schwann cells (S). (1- 
Aum resin section, A—310.) 


Collagen within the endoneurial compartment is highly organized and 
forms two distinct sheaths around myelinated and unmyelinated 
nerve fibers and their Schwann cells (see Figures 10.8, 10.10). The 
outer endoneurial sheath (of Key and Retzius) is composed of 
longitudinally oriented large diameter collagen fibers; the inner 
endoneurial sheath (of Plenk and Laidlaw) is composed of fine 
collagen fibers oriented obliquely or circumferentially to the nerve 
fibers. The term neurilemma has been applied to the combined 
Sheath formed by the basement membrane of the Schwann cell and 
the adjacent inner endoneurial sheath (15,24). Thus the term 
neurilemmoma is inappropriate when used to describe tumors of 
Schwann cell origin (Schwannomas). The longitudinal orientation of 
collagen fibers in the outer endoneurial sheath, together with the 
Schwann cell basement membrane tubes, may play an important role 
in guiding axons as they regenerate following peripheral nerve 
damage (3,24). 


Renaut bodies (Figures 10.3, 10.6) are seen not infrequently in the 
endoneurium of human peripheral nerves. Described in the 
nineteenth century by the French physician Joseph Louis Renaut, 
they are cylindrical (circular in cross section), hyalin bodies attached 
to the inner aspect of the perineurium. Composed of randomly 
oriented collagen fibers, spidery fibroblasts, and perineurial cells, 
Renaut bodies stain positively with Alcian blue because of the 
presence of acid glycosaminoglycans. The rest of the endoneurium 
also contains Alcian bluea€“positive mucoproteins (24,54). Renaut 
bodies express vimentin and EMA and produce extracellular matrix 
highly enriched in elastic fiber components (55). In longitudinal 
section, they may extend for some distance along the nerve and end 
in a blunt and abrupt fashion (55). These bodies are more prominent 


in horses and donkeys than in humans (2). Their precise function is 
not known, but Renaut himself thought that they may act as 
protective cushions within the nerve. They increase in number in 
compressive neuropathies and in a number of other neuropathies, 
including hypothyroid neuropathy, and may be a reaction to trauma 
(54,55). 


Blood Supply of Peripheral Nerves 


Vasa nervorum supplying peripheral nerves are derived from a series 
of branches from associated regional arteries. Branches from those 
arteries enter the epineurium (Figures 10.2, 10.3) 
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to form an intercommunicating or anastomosing plexus. From that 
plexus, vessels penetrate the perineurium obliquely and enter the 
endoneurium as capillaries often surrounded by pericytes (Figure 
10.5). Tight junctions between the endothelial cells of the 
endoneurial capillaries constitute the blood-nerve barrier (30). 
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Figure 10.6 Nerve fascicles showing Renaut bodies (arrows). A. 
Immunostaining for epithelial membrane antigen (EMA). B. 
Russell-Movat pentachrome, showing the Renaut bodies in blue. 


Complete infarction of peripheral nerves is very uncommon, probably 
due to the rich anastomotic connections of epineurial arteries. 
However, inflammation and thrombotic occlusion of epineurial 
arteries is seen in vasculitides (56), and occlusion by emboli occurs 
in patients with atherosclerotic peripheral vascular disease; both 
these disorders result in ischemic damage to peripheral nerves with 
axonal degeneration and consequent peripheral neuropathy (50). 


Nerve Fibers 


Most peripheral nerves contain a mixture of myelinated and 
unmyelinated nerve fibers. As the axons are oriented longitudinally 
along the nerve, quantitative estimates of the number of fibers in the 


nerve and their diameters are only adequately assessed in exact 
transverse sections. Staining techniques that can be used to identify 
nerve fibers and other components within peripheral nerves are 
summarized in Table 10.1. Longitudinal sections of peripheral nerve 
are less valuable than transverse sections, but teased nerve fibers 
(see Figure 10.15D) are very valuable for detecting segmental 
demyelination and remyelination and for assessing past axonal 
degeneration and regeneration (50). 


In a transverse section of a human sural nerve, there are 
approximately 8,000 myelinated fibers/mm2, whereas the 
unmyelinated axons are more numerous at 30,000 myelinated 
fibers/mm2. Peripheral nerve fibers are classified as class A, class B, 
and class C fibers, according to their size, function, and the speed at 
which they conduct nerve impulses. Class A fibers are myelinated and 
are further subdivided into six groups covering three size ranges. 
The largest are 10 to 20 Aum diameter myelinated fibers that 
conduct at 50 to 100 m/sec; myelinated fibers 5 to 15 Aum in 
diameter conduct at 20 to 90 m/sec, and 1 to 7-Aum diameter 
myelinated fibers conduct at 12 to 30 m/sec. Class B fibers are 
myelinated preganglionic autonomic fibers some 3 Aum in diameter 
and conducting at 3 to 15 m/sec. Unmyelinated fibers are small (0.2 
to 1.5 Aum in diameter), conduct impulses at 0.3 to 1.6 m/sec, and 
include postganglionic autonomic and afferent sensory fibers, 
including pain fibers (57). 


Myelinated Axons 


Ultrastructure 


Although myelinated nerve fibers can be demonstrated in paraffin 
sections (Figure 10.4), they are best visualized by light microscopy 
in 0.5- to 1-Aum thick toluidine bluead€“stained resin sections (Figure 
10.5). They exhibit a bimodal 
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distribution of fiber diameter in the normal nerve, with peaks at 5 
and 13 Aum and a range of 2 to 20 Aum. Most axons above 3 Aum in 
diameter are myelinated. Although along much of its length a 
myelinated nerve fiber has a circular outline in cross section, there is 
considerable variation in shape within the normal nerve, especially in 
the perinuclear regions and in the regions around the node of 
Ranvier (paranodal regions) (Figure 10.7). 


Table 10.1 Histologic Techniques for Peripheral Nerves 


Technique Application 
A. General 
1. Hematoxylin Detection of inflammation, 
and eosin (H&E) myelin, and axons (Figure 10.2B, 
10.4A) 
2. Hematoxylin- Collagen stains red; myelin black 


van Gieson 


3. Reticulin stains Basement membrane around each 
Schwann cell in normal (e.g., 
Gordon-Sweet) nerve and 
schwannomas_ (Figure 10.17C) 


4. Masson's Fibrinoid necrosis in vasculitis 
trichrome 


5. Alcian blue 


6. Toluidine blue 


Stains for myelin 


1. Luxol fast blue 


2. Loyez 


3. Osmium 


4. Periodic acid- 
Schiff (PAS) 


5. Polarized light 
(frozen section) 


6. Marchi's 


Glycosaminoglycans stain blue 


(a) Mast cells in paraffin section 
(b) general stain for 1Aum resin 
sections, (c) metachromatic stain 
for sulfatide lipid 


Myelin stains blue; can be 
combined with silver stains for 
axons 


Myelin stains black 


Myelin stains black 


Myelin stains bright pink (good for 
detecting small number of nerve 
fibers in muscle biopsies) 


Normal myelin, birefingent; 
degenerating myelin isotropic 
(nonbirefingent) 


Degenerating myelin stains black 
(due to the presence of 
cholesterol esters); normal myelin 
is unstained. 


7. Oil red O Degenerating myelin stains bright 
red; normal myelin, pink 


Stains for axons 


1. Palmgren's or Axons stain black. 
Bodian's (silver 
stains) 


0.5 to 1Aum resin sections 


1. Toluidine blue Myelin stains black; axons 
unstained; Schwann cells and 
other cells, blue; collagen, blue 
(Figures 10.2A, 10.5, 10.12 and 


10.14A, B) 
2. Toluidine blue Myelin stains black; axons, 
and carbol unstained; cells and collagen, 
fuschin. pink/blue (Figure 10.14C) 


3. Immunohistochemistry can be performed on these 
sections. 


Electron (Figures 10.8, 10.9, 10.10, and 
microscopy 10.16) 


Teased fibers 


1. Osmium Myelin; nodes of Ranvier; 
tetraoxide stained demyelination and remyelination 


(Figure 10.14D) 


2. Enzyme histochemistry 


a. Mitochondrial Schwann cytoplasm; axoplasm 
enzymes 

b. Acid Lysosomal activity associated with 
phosphatase degenerating myelin 

c. Polarized Myelin 

light 


3. Lipid histochemistry 


a. Sudan black Myelin 
B 

b. Oil red O Normal and degenerating myelin 
4. I mmunohistochemistry 


a. S-100 protein 


b. CD57 (Leu-7) Schwann cells (Figure 10.4); 
schwannomas 


c. CD56 (NKH1) Schwann cells; schwannomas 


d. Calretinin 


e. CD146 (Mel- 
CAM) 


f. GFAP (glial 
fibrillary acidic 
protein) 


g. Myelin basic 
protein 


h. 
Neurofilament 
protein 


i. Epithelial 
membrane 
antigen/Glut- 
1/claudin-1 


ja CD34 
(QBend10) 


k. CD68 (KP- 
1/PGM1) 


l. GAP 43 


Schwann cells and some 
schwannomas 


Schwann cells; some 
schwannomas 


Some schwannoma cells; possibly 


unmyelinated 


Myelin 


Axons (Figure 10.4C) 


Perineurium (Figure 10.4B) 


CD34 positive endonerual 
fibroblasts 


Endoneurial macrophages. 


Regenerating axons (Figure 
10.4F) 


The axon itself is limited by a smooth plasma membrane 
(axolemma), that is separated from the encompassing Schwann cell 
by a 10 to 20 nm gap (periaxonal space of Klebs) (Figure 10.8). The 
axonal cytoplasm (axoplasm) contains mitochondria, cisternae of 
smooth endoplasmic reticulum, occasional ribosomes and glycogen 
granules, peroxisomes, and vesicles containing neurotransmitters. 
The most prominent components of the axoplasm, however, are the 
filamentous and tubular structures. Microfilaments, 5 to 7 Aum in 
diameter, are composed of chains of actin and comprise 
approximately 10% of the total axonal protein. They are virtually 
confined to the cortical zone of the axoplasm immediately beneath 
the axolemma (15). Neurofilaments (Figures 10.4C, 10.8) are 8- to 
10-Aum diameter intermediate filaments of indeterminant length, and 
they constitute a major filamentous component in larger axons (58). 
They were described originally by RamA3n y Cajal and Bielschowsky 
as argentophilic neurofibrillae. In the neuronal perikaryon, 
neurofilaments tend to appear in multiple whorled bundles with no 
clear orientation to elements of the cell. In the axons, however, 
neurofilaments appear in longitudinal, mostly parallel orientation 
(59). Small armlike filaments are seen by electron microscopy. They 
project from the surface of the neurofilaments to form an irregular 
polygonal lattice. Neurofilaments are composed of protein triplets 
that are chemically and immunochemically distinct (59). Three major 
Subunits are recognized and are classified according to their 
molecular weights of 68, 150, and 200 KDa. Within axons, 
neurofilaments are phosphorylated and are immunocytochemically 
distinct from the nonphosphorylated filaments within neuron cell 
bodies. Immunocytochemistry for neurofilament protein (Figure 
10.4C) 
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is often valuable for detecting large- or medium-sized axons in 
normal nerves, in traumatic lesions, in tumors involving peripheral 
nerves, and occasionally for detecting axonal processes in neuronal 
tumors (58,59). 
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Figure 10.7 Diagram to show the relationships between (A) 
teased fibers, (B) nerve fibers in longitudinal section, and (C) 
nerve fibers in transverse section. A. In teased fibers, nodes of 
Ranvier (N) are separated by internodal portions of the Schwann 
cell and myelin sheath. The Schwann cell nucleus is roughly in 
the center of the internode. B. Longitudinal section through the 
node of Ranvier shows how the myelin sheath terminates as a 
series of end-loops. The axon narrows as it passes through the 
node of Ranvier. C. Transverse sections of peripheral nerve as 
seen in electron micrographs and 1 Aum resin sections are here 
related to the different portions of the internode and the node of 
Ranvier. From left to right, the paranodal region shows crenation 
of both axon and myelin sheath in larger fibers. At the node of 
Ranvier, the axon is small and coated by radially arranged 
Schwann cell processes and myelin end-loops. Throughout most 
of the internode, the myelinated fiber is circular. In the region of 
the nucleus, the axon and the myelin sheath may be ovoid rather 
than circular in outline. 
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Figure 10.8 Transverse section of a myelinated nerve fiber in 
the perinuclear region. The axon contains mitochondria, small 
vesicles, and numerous neurofilaments and neurotubules cut in 
cross section (inset,top left). A distinct periaxonal space 
separates the axon from its encompassing Schwann cell. Myelin 
is compacted except at the external mesaxon (EM) and internally 
around the internal mesaxon near the axon itself. Part of a 
Schmidt-Lanterman incisure is seen on the inside of the myelin 
sheath. Abundant rough and smooth endoplasmic reticulum is 
seen in the perinuclear cytoplasm of the Schwann cell. A 
basement membrane (BM) surrounds the Schwann cell plasma 
membrane, and endoneurial collagen fibers are seen cut in cross 
section (col). (Electron micrograph, A—18,400); inset, 
A—40,000.) 


The third a€oefilamentousa€* component in the axoplasm is the 
microtubule (neurotubule). Microtubules are cylindrical (Figure 10.8), 
unbranched, longitudinally oriented, hollow tubules 24 nm in 
diameter and composed of globular subunits of tubulin 4 to 5 nm in 
diameter. Periodic radial projections of high-molecular weight 
proteins, which are part of the microtubule-associated proteins 
(MAPs), arise from the surface of the neurotubules. These armlike 
projections bind neurofilaments and actin filaments and together 
form neurotubule-neurofilament-actin filament lattices. The three- 
dimensional lattices form an ordered structure in the axoplasm that 
appears to play an important role in axonal transport and contributes 
directly to the axon's shape (60). Microtubules also direct the 
transport of vesicular organelles between the cell body and the axon 
and thereby determine, in part, the composition of the axon (60). 


Axoplasmic Flow 


In 1906, Scott proposed that neuron cell bodies secreted 

a€cegrowing substancesa€* in order to maintain the function of the 
axon. He suggested that such substances pass down the axon 
cytoplasm to the axon terminals. This suggestion was endorsed by 
RamA?n y Cajal when he observed how regeneration occurs from the 
proximal stump of a damaged axon as long as continuity with the cell 
body is maintained (15). More definitive evidence of axonal transport 
was provided later by experimental studies using autoradiography 
and other techniques. Not only can labeled substances such as 
tritiated leucine be traced by autoradiography as they are 
transported along axons from the cell body, but the transport of 
organelles within the axon can also be directly observed by the use 
of dark-field microscopy or Nomarski optics (60). The term 
axoplasmic flow was coined by Weiss to describe the movement of 
different materials along the axoplasm. Axoplasmic flow and 
transport occur in two directions, away from the cell body 


(anterograde) and toward the cell body (retrograde) (61). 


Anterograde axoplasmic transport occurs at two velocities: fast and 
Slow. Most organelles and large-molecular weight substances within 
the axon are conveyed by fast axoplasmic transport, up to 400 
mm/day. If a ligature is placed around a nerve, transported material 
accumulates proximal to the ligature and to some degree distal to it, 
due to interference with anterograde and retrograde transport, which 
both occur at the same rate and by the same mechanisms. The 
filamentous lattice component of neurotubules, neurofilaments, and 
actin filaments is responsible for fast axoplasmic flow, and these 
three elements probably act as rails along which the various 
transported organelles and substances move. Fast axoplasmic 
transport is dependent on oxidative energy mechanisms and 
adenosine triphosphate (ATP); it also depends on calcium and 
magnesium ions and is blocked by calcium channel blocking agents. 
Some substances, such as trifluoperazine, that block calmodulin 
(calcium-activating protein) also block axoplasmic flow. 
Neurotubules, as an integral part of the axoplasmic transport 
mechanism, are depolymerized by cold and by colchicine; vincristine, 
and vinblastine are known to bind tubulin and prevent the normal 
assembly of neurotubules. Such substances block fast axoplasmic 
flow (60). 


Retrograde axoplasmic transport may convey information and 
organelles back to the cell body. In immature nerves, nerve growth 
factor is taken up by nerve terminals and retrogradely transported to 
the cell body, where it may play a role in the maturation of neurons 
(62). It has been suggested that the transport of such growth factors 
may also influence the metabolism of mature neurons and that the 
absence of such signals from the distal part of the neuron when the 
axon is severed may trigger chromatolysis (61). Retrograde transport 
is also a pathway by which certain toxins (tetanus neurotoxin) and 
some metals (lead, cadmium, and mercury) may bypass the blood- 
brain barrier and accumulate in neurons (63). Neurotropic viruses 
such as herpes, rabies, and poliomyelitis may be transported to the 


central nervous system by retrograde transport (64,65). In addition 
to toxic neuropathies, axonal transport is defective in diabetes, 
peroneal muscular atrophy, and probably in amyotrophic lateral 
sclerosis. Axoplasmic transport is reduced with age (66). 


Slow axoplasmic transport at 1 to 3 mm/day concerns the distal 
movement of cytoskeletal elements such as neurofilaments, 
microtubules, and actin. It is a one-way process, and neurofilaments 
are broken down by calcium-activated proteases at the distal end of 
the axon. Similarly, microtubules are depolymerized distally (67). 
Various toxins such as hexocarbons and their derivatives may 
interfere with slow axoplasmic transport so that neurofilaments 
accumulate and form large swellings within the axon (34,68). It is 
thought that neurofilaments within an axon may act primarily to 
maintain the bulk and the shape of large axons; neurofilaments are 
less numerous in small axons. 


The Periaxonal Space of Klebs 


As the Schwann cell enwraps the axon, it leaves a space, 20 nm 
wide, between the Schwann cell membrane and the axolemma 
(Figure 10.8); this is the periaxonal space of Klebs (69). This space 
is in continuity with the extracellular space at the node of Ranvier 
through a narrow helical channel at the site where the terminal 
cytoplasmic processes of the Schwann cell approach the axolemma 
(14) (Figure 10.7). The maintenance of the periaxonal space of Klebs 
appears to be mediated by an intrinsic 100 KDa myelin-associated 
glycoprotein (MAG) in the periaxonal membrane of the Schwann cell 
(70). This protein has a heavily glycosylated 
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domain, with sialic acid and sulfate residues on the external surface 
of the plasma membrane extending into the periaxonal space; in fact, 
about half of the peptide of MAG is in the periaxonal space (71). 
Mutant mice that do not express MAG do not form a periaxonal 
space, and the Schwann cell membrane fuses with the axolemma. 


Experimental studies with giant squid axons and mammalian nerve 
axons show that there is an increase in potassium concentration in 
the periaxonal space during repetitive conduction of nerve impulses. 
The full significance of the periaxonal space, however, is not clearly 
understood. 


Schwann Cells 


In his book on the microscopic structure of animals and plants 
published in Berlin in 1839, Theodore von Schwann identified a vague 
Sheath of cells within nerve fibers; these cells have subsequently 
borne his name as Schwann cells. As described previously in the 
section on development of peripheral nerves, Schwann cells are 
derived from the neural crest and migrate with growing axons into 
the developing peripheral nerves (3,72). Schwann cells produce 
nerve growth factor both in development and during regeneration; 
and, as the nerves grow, Schwann cells divide axons into groups and 
eventually establish 1:1 relationships with the larger fibers that they 
will ultimately myelinate (15,25,72). Immature proliferating Schwann 
cells have a relatively large volume of cytoplasm compared with 
mature Schwann cells. The Schwann cytoplasm is rich in 

mitochondria, polyribosomes, Golgi cisternae, and rough endoplasmic 
reticulum (Figure 10.8). The cytoskeleton within the cells includes 
vimentin intermediate filaments and is particularly obvious during the 
active proliferative and migrating phases of development and 
regeneration. 


Schwann cells in a normal adult peripheral nerve are associated with 
both myelinated fibers and unmyelinated fibers. In myelinated fibers 
the Schwann cytoplasm is divided into two compartments: (a) around 
the nucleus and on the outside of the myelin sheath, and (b) that 
thin rim of cytoplasm on the inside of the myelin sheath and around 
the internal mesaxon (Figure 10.8). Using electron microscopy, 
Schwann cells within a nerve can be identified by their relationship 
with myelinated or unmyelinated fibers. In damaged peripheral 


nerves, however, Schwann cells can be identified most easily by the 
presence of an investing basement membrane (Figure 10.8). Other 
cells within the endoneurium, such as fibroblasts, do not have a 
basement membrane; and, although macrophages may invade the 
basement membrane tubes, they have a distinct ruffled border that 
distinguishes them from Schwann cells. Perineurial cells may be 
found in the endoneurial compartment, particularly in damaged 
nerves; they possess a basement membrane, but they can be 
distinguished from Schwann cells by the presence of tight junctions 
that are not a feature of Schwann cells (3,54,72). With increasing 
age, normal Schwann cells accumulate lipofuscin and lamellated 
structures in the paranuclear cytoplasm in the form of pi (Ï€) 
granules of Reich. Such granules are composed of wide-spaced 
lamellated structures and amorphous osmiophilic material; they are 
rich in acid phosphatase and stain metachromatically with toluidine 
blue in frozen sections (73). Other inclusions such as the corpuscles 
of Erzholz are seen in Schwann cytoplasm; these bodies are 
spherical, 0.5 to 2.0 Aum in diameter, and stain intensely with the 
Marchi method. Few Pi granules remain in Schwann cells following 
nerve damage in which there has been extensive Schwann cell 
mitosis and proliferation (73). 


In addition to an investing basement membrane, composed of 
laminin, fibronectin, and entactin/nidogen, Schwann cells also 
produce heparan sulfate, N-syndecan, glypican, collagens type I, III, 
IV, and V, [21 and {24 integrin, and the protein BM-40 (74). All these 
secreted products are incorporated into the basement membrane 
except type | and type II collagen (3,72). Schwann cells can be 
identified in paraffin sections by immunocytochemistry and by the 
presence of close investment by reticulin staining. There is a rich 
reticulin network investing each cell, not only in the normal 
peripheral nerve but also in Schwann cell tumors. The S-100 protein 
in the cytoplasm and nuclei of Schwann cells can be identified by 
immunocytochemistry (Figure 10.4D). This acidic protein, which is 
100% soluble in ammonium sulfate at neutral pH, was described by 


Blake W. Moore in 1965, is a calcium-binding EF-hand type molecule, 
and has no known function, but it is present in Schwann cells and not 
in fibroblasts or perineurial cells (37,75) (Figure 10.4). In vitro 
studies have reported the presence of Schwann cells that are weakly 
reactive for S-100 protein and that may correspond to the non- 
myelinating (Remak) cell population (76). Schwann cells are also 
immunolabeled using CD57 and CD56 but perineurial cells are again 
negative (37,77). Calretinin, the 29-KDa, calcium-binding protein 
that also belongs to the family of EF-hand proteins, is expressed in 
Schwann cells but not consistantly in schwannomas (78). Normal and 
some neoplastic Schwann cells also express the cell adhesion 
molecule CD146 (79). Occasionally, Schwann cells are labeled by 
anti-GFAP antibodies, but this may depend on the antibody used 
(37,80). GFAP immunoreativity in the peripheral nervous system has 
been demonstrated in enteric ganglia, olfactory nerve cells, and in 
Schwann cells in the sciatic, splenic and vagus nerves (81). Schwann 
cells also participate in the formation, function, and maintenance of 
neuromuscular junctions and Meissner corpuscles (82,83). These 
a€ceterminal Schwann cellsa€* may be identified by their expression 
of Herp-protein, which is not present in nonterminal myelinating 
Schwann cells (84). An interesting and peculiar intermediate glial cell 
type known as the olfactory ensheathing cell (OEC) is associated with 
neuronal processes of the olfactory bulb; OECs share astrocytic and 
Schwann cell phenotypes, 
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promote axonal regeneration, and are potentially useful cells for 
xenotransplantation procedures (85). 


Myelin 

Myelin sheaths appear as slightly basophilic rings in H&Ea€“stained 
transverse paraffin sections of nerve (Figure 10.4). They can be 
more prominently stained by Luxol fast blue or by hematoxylin stains 
such as Loyez (Table 10.1). In frozen sections, myelin is well 
depicted by Sudan black staining; and, in unstained frozen sections, 


myelin can be identified due to its birefringence in polarized light, a 
technique that is particularly suitable for identifying myelin in 
enzyme histochemical preparations (57). 


Myelin is formed by the fusion of Schwann cell membranes and, by 
electron microscopy, it is seen as a regularly repeating lamellated 
structure with a 12 to 18 nm periodicity (86). On the outer and inner 
aspects of the sheath, external and internal mesaxons can be traced 
from the cell surface (Figure 10.8). The myelin membrane is divided 
into two structurally and biochemically distinct domains: the compact 
and the noncompact myelin, each of which is characterized by a 
unique set of proteins. Compact myelin, for instance, contains PO, 
PMP22, and MBP, whereas noncompact myelin contains MAG, Cx32, 
{+6124 integrin and E-cadherin (3,72). 


As the external aspects of the Schwann cell membranes fuse to 
produce compact myelin, an interrupted interperiod line forms in the 
myelin. The more densely stained period line is formed by fusion of 
the cytoplasmic aspects of the cell membrane. A narrow cleft can be 
resolved between the components of the interperiod line. In 
myelinating Schwann cells, noncompact myelin is present in 
paranodal loops, Schmidt-Lanterman incisures, nodal microvilli, and 
the inner and outer edges of the myelin (87). Several types of cell 
junction, including tight, gap and adherens junctions, are seen 
between the myelin lamellae (known as autotypic junctions) (87). 


Biochemically, myelin is 75% lipid and 25% protein. The major lipids 
are cholesterol, sphingomyelin, and galactolipids, which are present 
in a rather higher proportion than they are in other cell membranes. 
It is the arrangement of the lipids that produces the liquid crystalline 
fluid birefringent myelin sheath, and it is esterification of the 
cholesterol in degenerating myelin that can be detected by Sudan 
dyes, by oil red O, and by the Marchi technique (Table 10.1). As 
myelin degenerates and the cholesterol becomes esterified, the 
ultrastructural lamellated pattern of myelin is lost and replaced by 
the amorphous osmiophilic globules seen in electron micrographs. 


More than half the protein in myelin is a transmembrane 28 to 30 
KDa glycoprotein, PO (88); other proteins are P1 and P2. The protein 
mediates homophilic adhesive interactions between Schwann cell 
plasma membranes, is a key structural constituent of both the major 
dense line and interperiod line of compact myelin, and is involved in 
myelin compaction (88). Numerous mutations in PO have been 
described in a variety of demyelinating diseases (see below) (88). 


Although the lipid composition of myelin in the peripheral nervous 
system (PNS) is very similar to that of the central nervous system 
(CNS), the protein components are markedly different. Central 
nervous system myelin has no PO protein but has a proteolipid that is 
soluble in organic solvents; it also has an 18KDa basic protein that is 
probably homologous to the P1 protein of peripheral nerve myelin. 
These biochemical differences may account for differences in the 
structure between PNS and CNS myelin; for example, the spaces 
between the dense lines are less for CNS myelin (89). Biochemical 
differences in the proteins definitely account for the distinct 
antigenicities of peripheral and central nervous system myelin. Thus, 
injection of CNS myelin with Freund's adjuvant will produce allergic 
encephalomyelitis in experimental animals, with destruction of myelin 
in the brain and spinal cord (90), whereas injection of peripheral 
nervous system myelin with Freund's adjuvant will produce allergic 
neuritis with demyelination in the peripheral nervous system. 


Myelin sheaths are essential for the normal functioning of the PNS; 
and, in those hereditary neuropathies in which myelination is 
defective, severe disability and retardation of development are seen 
(91). Acting as a biological electrical insulator, myelin allows 
discontinuous (saltatory) and very rapid conduction of a wave of 
depolarization along the nerve fiber. It appears that myelination is 
an evolutionary adaptation that allows increased conduction 
velocities without excessive increases in axon diameter (72). 


Myelination in the PNS in humans occurs well in advance of that of 
the CNS (89). Although there is little myelin in human cerebral 


hemispheres at birth, myelin sheaths have already started to form 
around peripheral nerves at this time. Myelination is initiated by 
contact between Schwann cells and future myelinated axons. The 
Schwann cell rotates around the axon and may form 50 or more 
spirals, resulting in formation of the myelin sheath. 


As the Schwann cell differentiates and produces a basement 
membrane, it acquires polarity via interaction of its cytoskeleton and 
some basement membrane components (mainly laminin and 
fibronectin) (3,92). The Schwann cell then begins to extend 

processes around individual axons. Once the lips of the Schwann cell 
start to wrap around the axon, they generate traction to pull the 
whole cell around, and a spiral wrapping made up of many lamellae is 
formed (18). The importance of basement membrane formation as a 
prerequisite for the formation of myelin is emphasized by the lack of 
myelination when the basement membrane is deficient (92,93). 


Myelin-associated glycoprotein also plays an important role in 
myelination (88). It is present in the membranes of Schwann cells 
around myelinated fibers but not in those cells associated with 
unmyelinated fibers. Myelin-associated glycoprotein 
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probably functions through its interaction with the Schwann cell 
cytoskeleton, and this facilitates process lengthening and rotation 
during myelination (71). Periaxin, a 47 KDa protein constituent of the 
dystroglycan-dystrophina€“related protein-2 complex that links the 
Schwann cell cytoskeleton to the extracellular matrix, is located in 
the periaxonal region of Schwann cell plasma membrane that 
possibly interacts with myelin-associated glycoprotein during 
myelination (94). Mutations in the periaxin gene result in the 
autosomal recessive demyelinating Charcot-Marie-Tooth (CMT4F) and 
DA©jA©rine-Sottas diseases (94) (see below). As myelination 
proceeds, cytoplasm is expressed from the spiral of Schwann cell 
processes and membranes compact to form the 12 to 18 nm 
lamellated structure of myelin. 


The length of an embryonic Schwann cell is 30 to 60 Aum, and it 
becomes associated with that length of axon in the developing nerve. 
As the nerve lengthens with growth of the body and limbs, so does 
the Schwann cell so that the length of the Schwann cell or internodal 
distance (Figure 10.7) in myelinated fibers reaches some 190 Aum at 
18 weeks gestation and 475 Aum at birth. In the adult nerve, normal 
Schwann cells may extend for up to 1 mm in length along myelinated 
fibers. Schwann cells associated with unmyelinated fibers lengthen to 
reach approximately 250 Aum in the adult sural nerve. Following 
damage to a peripheral nerve, Schwann cell lengths revert to their 
embryonic length, and thus give short internodes in regenerating and 
remyelinating nerve fibers (see Figures 10.12, 10.14). 


Schmidt-Lanterman  Clefts or Incisures 


Once viewed as artifacts, the clefts or incisures described by H.D. 
Schmidt and A.J. Lanterman (Figure 10.9) are now known to be fixed 
components of the myelin sheath (24). Each Schmidt-Lanterman 
incisure (S-L I) consists of a continuous spiral of Schwann cytoplasm 
that runs from the outer (nuclear) to the inner (paraxonal) Schwann 
cell compartment in an oblique fashion at about 9 degrees to the 
long axis of the sheath. The cleft splits the cytoplasmic membranes 
at the major dense line and forms a route for the passage of 
substances from the outer cytoplasmic layer through the myelin 
Sheath to the inner cytoplasm. This function was suggested by 
Ranvier as early as 1897. Near the external surface of the cleft, 
stacks of desmosome-like structures and gap junctions rich in 
connexin 32, are sometimes seen, possibly maintaining the integrity 
of the spiral (95). The cell junction proteins claudin-5, MUPP1, E- 
cadherin, as well as a 155-KDa isoform of neurofascin, have been 
selectively detected at the S-L | (31). Cytoplasm in the clefts 
contains membrane-bound dense bodies, lysosomes, an occasional 
mitochondrion, and a single microtubule (Figure 10.9) that runs 
circumferentially around the fiber; this microtubule may be 
associated with transport and with stabilization of the cytoplasmic 


spiral (15). The number of S-L Is correlates with the diameter of the 
axon; the larger the fiber, the more clefts in the myelin sheath per 
Schwann cell. The presence of these clefts throughout myelogenesis 
Suggests that they are an important functional part of the sheath 
(24). Balice-Gordon et al. (96) have suggested that the incisures may 
provide some degree of flexibility and may protect the peripheral 
nerve from mechanical stress during stretching and recoil. It also 
seems obvious that they are pathways of communication between the 
inner and outer Schwann cell cytoplasm, but their full significance 
remains to be elucidated. 


Figure 10.9 Longitudinal section of peripheral nerve: a Schmidt- 
Lanterman incisure. Blebs of cytoplasm are seen running through 
the myelin sheath. Densities in the cytoplasm (top left) suggest 
some form of junction between the spiral turns of the incisure. 
The axon is cut tangentially. (Electron micrograph, A—30,000). 
(Reprinted from 


Weller RO, Cervos-Navarro J. Pathology of Peripheral Nerves: A 
Practical Approach. London: Butterworths; 1977 
with permission.) 


Node of Ranvier 


With the introduction of techniques whereby individually separated or 
teased myelinated nerve fibers could be stained black with osmium 
tetroxide, a new view of nerve fibers was obtained. In his publication 
of 1876, Louis-Antoine Ranvier, Professor of Histology in Paris, 
described and illustrated the constrictions or &€ceA©tranglements 
annulaires,a€* that are now known as the nodes of Ranvier (20,24). 
The functions of the node at that time were not known, but Ranvier 
did suggest that the constrictions may prevent displacement or flow 
of the semiliquid myelin along the nerve fibers (20,24). He also 
suggested that the gap in the myelin sheath at the node of Ranvier 
might allow diffusion of nutrients into the axon (15). 
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In teased fibers stained with osmium tetroxide or viewed in polarized 
light, the nodal gap is readily visible, as is the bulbous swelling of 
the fiber on either side of the node of Ranvier (see Figure 10.15D). 
The distance between each node along a myelinated fiber (Figure 
10.7) iS approximately proportional to the thickness of the myelin 
Sheath. In a normal adult mammalian nerve, internodal segments 
between the nodes of Ranvier vary from 200 to 1500 Aum in length; 
the Schwann cell nucleus is usually sited around the middle of the 
internode. 


Histological study of 1-Aum transverse resin sections of nerve and 
electron microscopic observations reveal a complex structure at the 
node of Ranvier and in the paranodal regions. As the axon 
approaches a node of Ranvier, it may become cruciform in cross 
section, especially in large fibers (Figure 10.7). Deep furrows 


develop in the surrounding myelin sheath, and those furrows are 
filled with cytoplasm that is rich in mitochondria. As the axon passes 
through the node it is reduced to one-third or one-sixth of its 
internodal diameter. There may be a slight swelling at the midpoint 
of the node. Amorphous, osmiophilic material rich in ankyrin, Nr 
CRM, and neurofascin (97) may be deposited under the axolemma 
(98). Ankyrin-binding proteins are also localized in the initial 
segment of the axon, the voltage-dependent sodium channel, the 
sodium/potassium ATPase, and the sodium/calcium exchanger (97). 
These specialized areas of axon membrane may reflect the site of 
high ionic current density during transmission of a nerve impulse. 
Numerous ion channels are present in this region of the axolemma, 
and they are responsible for the changes in ionic milieu that occur 
during the conduction of nerve impulses (98). 


There is considerable specialization of the Schwann cell and the 
myelin sheath at the node of Ranvier. The myelin sheath terminates 
by forming dilated looplike structures that are closely apposed to the 
axon surface (Figure 10.7). Occasionally, desmosome-like structures 
are formed between Schwann cell terminal loops. The tight junction 
protein claudin-2, and the ERM (ezrin, radizin, moesin) proteins have 
been identified as a ring that surrounds sodium channels at the node 
of Ranvier, possibly participating in the junctions formed at the outer 
collars of two adjacent Schwann cells at the node zone (31). The 
abundance of mitochondria in the paranodal cytoplasm is an 
indication of the high energy requirements of the node. Right in the 
center of the node, the myelin end-loops are replaced by multiple 
fingerlike Schwann cell processes (nodal villi) that contain f-actin and 
are 70 to 100 nm in diameter. The villi extend from the Schwann 
cells into the nodal gaps and interdigitate with processes of adjacent 
Schwann cells (98). This interlacing pattern of cell processes around 
the axon at the node of Ranvier is more prominent and complex in 
larger fibers. 


Basement membrane from the two adjacent Schwann cells is 
continuous over the nodal gap. Around the villous Schwann cell 


processes, there is an electron-dense polyanionic-rich material that 
constitutes the extracellular matrix of the node. This gap substance 
creates a ringlike structure (ring of Nemiloff) and may provide an ion 
pool necessary for nodal function. It has been demonstrated that the 
gap substance contains glycosaminoglycans with cation binding 
substances (95). 


The myelin sheath acts as a biological insulator for the internodal 
portion of the axons. Conduction of impulses along myelinated fibers 
proceeds in a discontinuous manner from node to node (saltatory 
conduction). Numerous sodium channels with a suggested density of 
approximately 100,000/Aum2 are present on the axolemma at the 
node of Ranvier in contrast to the very low density of sodium 
channels (less than 25/Aum2) in the internodal axon membrane; the 
internodal membrane may be regarded as inexcitable (3,98). 
Potassium channels show a complementary distribution to that of the 
sodium channels; they are less common than in the nodal membrane 
but are present in the paranodal and internodal axon membrane. 
Potassium channels contribute to the stabilization of the axon by 
preventing repetitive firing responses to a single stimulus and also 
help to maintain the resting potential of the myelinated fiber (98). 


In demyelinating diseases, when the myelin sheath is stripped from 
the axon, there is gross slowing or cessation of nerve conduction 
along the affected fibers. Spread of a continuous wave of 
depolarization along the axon membrane is prevented due to the 
absence of an adequate density of sodium channels in the internodal 
axon membrane. Furthermore, the exposure of the internodal axon 
cell membrane, which is rich in potassium channels, will also 
interfere with induction of the impulse (15,98). 


Unmyelinated Axons 


Unmyelinated fibers can be detected as unstained structures by light 
microscopy in toluidine blued€“stained 0.5-Aum transverse resin 
sections of peripheral nerve (Figure 10.5) (99). However, at 1 to 3 


Aum diameter, they are almost at the limit of resolution and are only 
seen in good quality sections. Such fibers can be stained by silver 
techniques, such as Palmgren's or Bodian's, but are poorly visualized 
in immunocytochemical preparations using antineurofilament 
antibodies (Figure 10.4), probably because unmyelinated fibers 
contain few neurofilaments and a high proportion of microtubules. 


The structure of unmyelinated fibers and their quantitation are most 
adequately studied by transmission electron microscopy (Figure 
10.10). They are more numerous than myelinated fibers in mixed 
peripheral nerves by a factor of 3 or 4:1 (25,54) and were first 
recognized in 1838 by the Polish physician Robert Remak as 
a€cefibriae organicaea€* ; the Schwann cells associated with 
unmyelinated axons are sometimes referred to as Remak cells (54). 
Schwann cells 
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have the potential to differentiate into either a myelinating or 
nonmyelinating ensheathing cell, depending upon the signals 
received from the axons that they contact. Schwann cells must form 
basal laminae in order to myelinate axons (24,54). Schwann cells 
around myelinated and unmyelinated axons may thus be regarded as 
originating from the same cell type but developing morphological, 
biochemical, and physiological differences (106). 


Figure 10.10 Unmyelinated axons (1.3 Aum in diameter) cut in 
transverse section. The axons (AX) are surrounded by Schwann 
cells, Mesaxons (MES). Stacks of Schwann cell processes (ST) 
are commonly seen in adult nerves. (Electron micrograph, 
A—13,000.) 


The cytoplasm of Schwann cells associated with unmyelinated fibers 
contains a Golgi apparatus, rough endoplasmic reticulum, 
mitochondria, microtubules, and microfilaments and may exhibit 
centrioles near the nucleus. Pi (Ï€) granules, however, are not 
present, although there are lysosomes containing acid phosphatase 
present in the cytoplasm (73). The nuclei of these cells are ellipsoid 
with one or more prominent nucleoli. A continuous basement 
membrane surrounds each cell (98). Schwann cells associated with 
unmyelinated fibers express different phenotypic characteristics from 
Schwann cells around myelinated axons. Although both types of 


Schwann cell contain immunocytochemically detectable vimentin 
intermediate filaments and S-100 protein, and almost the same 
basement membrane components, Schwann cells associated with 
unmyelinated axons are more likely to express GFAP (101). Such 
cells also lack MAG, which is apparently necessary for segregation 
and myelination of axons. Mycobacterium leprae (Hansen's bacilli) 
colonize nonmyelinating Remak cells by attaching to laminin-2 and 
its receptor [+-dystroglycan. Myelin-forming Schwann cells seem to 
be relatively free from infection by M. leprae. There is often a strong 
cell-mediated immune response with extensive inflammation and 
peripheral nerve damage that causes paralysis and loss of sensation 
and frequently leads to unintentional mutilation of hands and feet 
(102). 


Electron microscopy of transverse sections of normal peripheral 
nerve show how numerous unmyelinated axons 0.2 to 3.5 Âum in 
diameter are associated with a single Schwann cell. Short mesaxons 
extend from the surface of the cell (Figure 10.10), and the Schwann 
cell is separated from the axon plasma membrane by a space 10 to 
15 nm wide that is analogous to the periaxonal space of Klebs seen 
around myelinated fibers. Although many axons may be gathered 
close to the cell body in the perinuclear region of the Schwann cell 
(24,54), away from the nuclear region, single axons become more 
widely separated and are enclosed by thin Schwann cell processes 
(Figures 10.3, 10.10). Each Schwann cell associated with 
unmyelinated axons in the sural nerve is between 200 and 500 Aum 
in length. As axons pass from one Schwann cell to another, they are 
surrounded by flattened irregular, fingerlike processes that interlock 
and become telescoped into the adjacent Schwann cell. The surface 
of the axon is therefore always in contact with the Schwann cell. In 
young children, only a single thin layer of Schwann cytoplasm 
Surrounds each axon away from the nuclear region; but the picture is 
more complex in adult nerves, with several Schwann cell processes 
stacked together and associated with each unmyelinated axon. 


Pockets of collagen bundles are frequently invaginated into the 


surface of Schwann cells associated with unmyelinated fibers (Figure 
10.3), particularly in aging nerves and when there is loss of 
unmyelinated fibers. The pockets of collagen fibers are separated 
from the surface of the Schwann cell by a layer of basement 
membrane. The significance of this phenomenon is not fully known. 


Endocrine cells have been identified within the perineurium in close 
contact with unmyelinated nerves in the lamina propria of the 
appendix (103). These cells were demonstrated in 1924 by Masson, 
and later AubAfick coined the term endocrine cell-nonmyelinated 
fiber complex, emphasizing the association between endocrine cells 
and unmyelinated fibers (104). These complexes are separated from 
the interstitial connective tissue by a common continuous basement 
membrane, leaving the cells in intimate contact with each other. It 
has been suggested that such endocrine cells could participate in the 
pathogenesis of the so-called neuromas of the appendix and 
appendiceal carcinoids (105,106). It is not known whether such 
endocrine cells exist in nerves other than those located in the wall of 
the appendix, but there are reports of extraepithelial carcinoid 
tumors in stomach, small intestine, and bronchus, which suggests 
that there may also be endocrine cells related to nerves in these 
regions (107). 


Interesting immunological properties have been ascribed to Schwann 
cells. Numerous in vitro studies have shown that Schwann cells 
display a large repertoire of properties, ranging from the 
participation in antigen presentation, to secretion 
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of pro- and anti-inflammatory cytokines, chemokines, and 
neurotrophic factors (108). Schwann cells express la determinants 
on their membranes and are able to present foreign antigens to 
specific synergic T cells. When Schwann cells are exposed to 
inflammatory cytokines they have the capacity of inducing selective 
damage to T cells and have the potential of regulating the immune 
response in the peripheral nervous system (109). A role for Schwann 
cells has been suggested in myasthenia gravis (110). 


Schwann cells also express complement receptor CR1 (CD35) and 
CD59, a 19 to 25 KDa glycoprotein that binds to complement proteins 
C8 and C9 in the assembling cytolytic membrane attack complex. 
This may indicate that regulation of complement activation by these 
proteins is important in neural host defense mechanisms and may be 
implicated in the complement-mediated damage occurring in 
inflammatory demyelinating diseases such as Guillain-BarrA© 
syndrome (111,112). 


Correlation of Normal Histology with the 
Pathology of Peripheral Nerves 


Handling and Preparation of Peripheral 
Nerve Biopsy and Autopsy Specimens 


The sural nerve is the nerve that is most commonly biopsied in the 
investigation of peripheral neuropathies. It is a sensory nerve so that 
in some motor neuropathies it may be totally normal, in which case 
examination of small branches of motor nerves within a muscle 
biopsy may be more fruitful (48,54,54). At autopsy, a wider range of 
motor and sensory nerves may be sampled, depending on the clinical 
picture. Whether taken at biopsy or autopsy, peripheral nerves are 
very easily damaged. The myelin sheaths are semiliquid and may be 
crushed by indelicate handling (Figure 10.11). The specimen should 
be gripped at only one end and then gently dissected free before 
laying it, very gently stretched, on a piece of dry card and placing it 
in fixative or in liquid nitrogen for snap freezing. Fresh, frozen nerve 
should be used for enzyme and lipid histochemical studies whereas 
formalin-fixed nerve can be embedded in paraffin for the application 
of routine stains and immunocytochemistry (see Table 10.1). 
Although formalin-fixed material can be used for the preparation of 
0.5- to 1-Aum resin-embedded sections and for electron microscopy, 
ideally the tissue should be fixed in glutaraldehyde and postfixed in 


osmium for ultrastructural studies. Teased fibers can be prepared 
from either glutaraldehyde- or formalin-fixed material (24,54). 


The method of preparation really depends on the information sought. 
Frozen sections are ideal for detecting abnormal lipids, such as 
sulfatide in metachromatic leukodystrophy, and for detecting the 
cholesterol ester droplets of degenerating myelin by staining for 
Sudan red or oil red O. Increased lysosomal enzyme activity as in 
Krabbe's leukodystrophy or in human and experimental neuropathies 
in which axonal degeneration or segmental demyelination is 
Suspected can be detected in frozen sections stained histochemically 
for acid phosphatase (54). Brief formalin or glutaraldehyde fixation 
can be used in some cases for electron microscopic enzyme 
histochemistry (54,113). Frozen sections can also be used for 
immunofluorescence for the detection of immunoglobulin binding to 
myelin sheaths in paraproteinemias. Transverse frozen sections of 
nerve are ideal for these purposes although they are often more 
difficult to prepare than longitudinal sections. 


Figure 10.11 Histologic artifact in a peripheral nerve. In this 
transverse 1-Aum resin section, the fascicle to the left of the 
picture is well-preserved. However, there is extensive recent 


hemorrhage (center) that occurred during the biopsy procedure; 
the myelinated axons in the nerve fascicle are squeezed and 
distorted (right) (toluidine blue, A—40.) 


There is a variety of methods of preparing and examining fixed 
specimens of peripheral nerve, and each method reveals different 
information (24,54). Ideally, exact transverse sections should be cut 
from the peripheral nerve; occasionally, longitudinal sections are also 
useful, particularly for detacting regenerating axons by 
immunocytochemistry (Figure 10.4F). Paraffin-embedded sections 
can be stained for a variety of histological stains and for 
immunocytochemistry to reveal nerve components (Table 10.1). 
Blood vessels and inflammatory exudates are ideally studied in 
paraffin sections, but quantitation of nerve fibers, the detection of 
axon degeneration and regeneration, and the assessment of 
segmental demyelination and remyelination are more satisfactory in 
0.5- to 1-Aum toluidine bluea€“stained resin sections or by electron 
microscopy. The presence of amyloid in the endoneurium or giant 
axons in some hereditary neuropathies and in some toxic 
neuropathies can be detected both in paraffin- and in resin- 
embedded sections. Teased preparations are most useful for 
detecting segmental demyelination and remyelination and 
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for assessing whether axonal degeneration and regeneration have 
occurred within the nerve in the past (24,56). 


Peripheral Neuropathies 


The pathological diagnosis of a peripheral neuropathy usually 
requires close clinicopathologic correlation and knowledge of the 
electrophysiologic data, such as nerve conduction velocities and 
electromyography. Moderate slowing of nerve conduction velocities 
usually indicates loss of large myelinated fibers, whereas excessive 
slowing of conduction velocity suggests that segmental demyelination 


has occurred. Although there are a number of specific 
histopathological features that aid in the diagnosis of peripheral 
neuropathy [e.g., amyloid, the presence ofM. leprae bacilli, 
abnormal lipids such as sulfatide within the nerve, giant axons, and 
vasculitis (15,56)], for the most part, assessment of peripheral nerve 
pathology depends on detection and quantitation of general 
pathological features and good _ clinicopathological correlation. 


General Pathology of Peripheral Nerves 


The general pathological reactions of peripheral nerves are, for most 
practical purposes, limited to (a) axonal degeneration and 
regeneration and (b) segmental demyelination and remyelination. 
Hypertrophic changes with onion-bulb formation occur most 
commonly as a result of recurrent segmental demyelination and are 
most often seen in hereditary neuropathies. 


Axonal Degeneration and Regeneration 


If a neuron in the anterior horn of the gray matter of the spinal cord 
or in a dorsal root ganglion dies, its axon degenerates and no 
regeneration occurs. Such neuronal destruction is seen in 
poliomyelitis, motor neuron disease (amyotrophic lateral sclerosis), 
spinal muscular atrophy, and infarction of the spinal cord. Dorsal 
root ganglion cells may be lost in viral infections such as varicella 
zoster or in a variety of hereditary sensory neuropathies. If an axon 
in a peripheral nerve is injured, for example, by trauma, entrapment, 
or ischemia, the distal end of the axon degenerates and subsequently 
regeneration occurs from the proximal stump of the damaged axon 
(Figure 10.12). The success of the regeneration depends on the 
distance of the site of damage from the nerve end organ (either 
motor endplate or sensory nerve ending) and the amount of scarring 
or other obstruction laid in the path of the regenerating axons. 


Axonal degeneration was described by Waller in 1850 in London and 
the eponym wallerian degeneration is still used. Much of the 


fundamental work on nerve degeneration and regeneration, however, 
was performed by RamA?n y Cajal in the early part of the twentieth 
century. Twenty-four hours after nerve injury, most myelinated and 
nonmyelinated axons start to show degenerative changes. There is 
retraction of myelin from the nodes of Ranvier and dilatation of 
Schmidt-Lanterman incisures in the proximal as well as in the distal 
stump. By 48 hours, myelin and axon changes become more obvious 
as the axon disintegrates and myelin sheaths become disrupted and 
form globules (Figure 10.13) in which axon fragments are enclosed. 
Disintegration of the myelin appears to start with dilatation of the 
Schmidt-Lanterman incisures during the first day or two after injury 
(24,54). Myelin debris is initially birefringent and has a lamellated 
ultrastructure, aS does normal myelin. But, as proteins break down 
and lysosomal enzymes become active around the myelin debris 
(54,113,114), cholesterol within the myelin is esterified to 
cholesterol esters, and lipid debris loses its birefringence in polarized 
light and its lamellated ultrastructure to become amorphous globular 
lipid, which now stains strongly with Sudan dyes and oil red O. The 
Marchi technique also differentiates between normal myelin and 
degenerating myelin (56). 
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Figure 10.12 Diagram summarizing the events occurring during 
axonal degeneration and regeneration. A. Normal nerve. B. By 
seven days after axonal damage, Schwann cells containing axon 
and myelin debris have divided to form bands of BAYngner. C. 
Axon sprouts grow from the swollen end bulb of the proximal 
axon. D. An axon becomes myelinated. E. Connection with the 
end organ is reestablished; regenerated internodes are short. 
(Reprinted from: 

Weller RO, Cervos-Navarro J. Pathology of Peripheral Nerves: A 
Practical Approach. London: Butterworths; 1977 

with permission.) 


During the second week after nerve injury, much of the myelin debris 
is removed from the distal part of the nerve, and regenerative 


features become more prominent. Axon fragments and myelin debris 
are broken down by both 
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Schwann cells and macrophages (116). Schwann cells directly attract 
macrophages by secretion of different proteins, probably regulated 
by autocrine circuits involving the neuropoietic cytokines, IL-6, and 
leukemia inhibitory factor (113). Macrophages, in addition to their 
phagocytic function may help to promote nerve repair through the 
elaboration of Schwann cell mitogens and may also affect neurons 
and axonal growth directly through the release of neurotrophins 
(115,117,118,119). 


Figure 10.13 Axonal degeneration and regeneration in 
transverse sections of peripheral nerve. A. Axonal degeneration 
four days after nerve section. Few axons are visible and myelin is 
forming globules in Schwann cells and macrophages (1-Aum 
section, toluidine blue, A—310).B. Axonal regeneration in a 
human nerve biopsy. Normal myelinated fibers are interspersed 
with clusters of closely associated thinly myelinated regenerating 
fibers (top and bottom right) (1-Aum section, toluidine blue, 
A—310). 


Although Schwann cell mitoses are seen as early as 24 hours after 
nerve injury, the peak of proliferation is between 3 and 15 days after 
nerve damage (120). As Schwann cells proliferate, they form 
columns (bands of BAYangner) surrounded by basement membrane 
(Figure 10.12); often redundant, old Schwann cell basement 
membrane is associated with these bands. Regenerating axons grow 
along the bands of BAYsngner; and, if regeneration fails, the bands 
shrink and Schwann cells may disappear and become replaced by 
fibrous tissue (121). 


a€celmportinsa€* are proteins involved in the retrograde transport 
of substances collectively known asinjury signals; such transport is 
through a complex of proteins acting in association with neurotubules 
and into the cell nucleus, where gene transcription subsequently 
occurs (122). 


Several easily detectable histological changes occur during axonal 
regeneration The neuron cell bodies in the anterior horns of the 
spinal cord or in the dorsal root ganglia show changes of 
chromatolysis during the first three weeks after axonal injury (120). 
The nerve cell perikaryon swells by some 20%, and the nucleus 
becomes eccentric, as does the nucleolus. Nissl substance (a mixture 
of rough endoplasmic reticulum and polyribosomes) is dispersed so 
that the cytoplasm becomes pale when stained by H&E or by the 
Nissl stain (24,54). During this stage of chromatolysis, there is a 
marked increase in polyribosomal ribonucleic acid (RNA) with an 
upregulation of a number of regeneration-associated genes, including 
those encoding growth-associated protein-43 (GAP 43), cytoskeleton 
protein-23, and /{2-tubulin, and in peptides such as galanin and 
vasoactive intestinal polipeptide (VIP), reflecting the metabolic 
events involved in axon regeneration (122,123,124). Regenerative 
changes in axons are seen within the first few hours after nerve 
damage but are most easily detected 5 to 20 days after injury. Using 
immunocytochemistry, GAP 43 can be identified in regenerating 
axons 4 to 21 days after injury (125) (Figure 10.4F). The proximal 
stump of the axon swells to create a balloonlike structure, often 50 


Aum in diameter and 100 Aum in length. The balloons are filled with 
organelles and fibrils, which can be detected by electron microscopy; 
they can be visualized by light microscopy using immunocytochemical 
stains for neurofilament protein, GAP 43, or silver stains such as 
were used by RamA?n y Cajal when he first described them. Myelin 
sheaths become stretched around the swollen axon balloons 
(114,126). 


Starting around the fourth day after injury, multiple nerve sprouts, 
or neurites, extend from the axon balloon (growth cone) and grow 
distally at 1 to 2.5 mm/day. As the neurites enter the bands of 
BAYangner, they become invaginated into the surface of the Schwann 
cell and, if growth continues, they become myelinated. Unmyelinated 
fibers regenerate in a similar way, but they are smaller and no 
myelin sheaths form around them. Regenerating neurites can be 
detected in the classical way by silver staining; but, in cross sections 
of peripheral nerve, they are best demonstrated in 0.5- to 1-Aum 
resin sections or by electron microscopy. Characteristically, 
regenerating axons form clusters encircled by a single basement 
membrane. In the light microscope, these clusters (Figure 10.13) are 
recognized by the close association of small, thinly myelinated axons 
within the nerve; myelinated nerve fibers in a normal 
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nerve are well-separated from each other by endoneurial collagen 
(Figure 10.5). 


Axon growth and regeneration are stimulated by nerve growth factor 
that is synthesized by Schwann cells, fibroblasts, and macrophages 
and transported back along the axon by retrograde axoplasmic 
transport to stimulate nerve cell protein synthesis (60,126,127,128). 
In addition to growth factors, there appears to be topographical 
affinity between regenerating axons and certain pathways; for 
example, it appears that regenerating tibial nerve axons grow toward 
the distal tibial nerve rather than toward the distal peroneal nerves. 
Connective tissue elements may also play a role in guiding 
regenerating axons (10). Neurite outgrowtha€“promoting factors on 


cell surfaces (cell adhesion molecules) or in the extracellular matrix 
promote extension of the axon by providing an appropriate 
a€ceadhesivnessa€* in the substrate (129). Both neurotrophic and 
neurite outgrowtha€“promoting factors are essential for axonal 
growth after injury (129). 


The success of regeneration, with axons reaching effective end 
organs, may be influenced by several factors. If the injury is far 
proximal from the end organ, few regenerating axons may make 
effective reconnections. But, regeneration over short distances may 
be very effective in the peripheral nervous system. The presence of 
scar tissue or discontinuity of anatomical pathways may also inhibit 
regeneration. A number of grafting techniques are employed to 
overcome this problem (13,120). If regeneration to the distal stump 
of a nerve is blocked by scar tissue, axons may grow outside the 
Original course of the nerve and even back alongside the proximal 
stump (terminals of Perroncito); thus, small bundles of regenerating 
neurites, often surrounded by perineurial cells, form amputation 
neuromas. Microscopically, there are interlacing bundles containing 
axons surrounded by myelin sheaths and with fine perineurial 
coverings. Immunocytochemistry for neurofilament proteins (axons), 
EMA, and Glut-1 (perineurial cells), and S-100 (Schwann cells) may 
be very useful in establishing the structure and identity of the nerve 
bundles in an amputation neuroma. Immunohistochemical and 
radioimmunoassay data have shown a focal accumulation of sodium 
channels within the tips of injured axons that may be responsible, in 
part, for the ectopic axonal excitability and the resulting abnormal 
sensory phenomena (pain and paresthesia) which frequently 
complicate peripheral nerve injury (130). Macropaghes migrate into 
the neuroma within the first two weeks after the injury, and later 
they are seen with numerous large cytoplasmic vacuoles filled with 
myelin fragments. This suggests that macrophages may also 
participate in the genesis of chronic pain after the neuroma has 
formed possibly by: (a) creating demyelinating axonal regions 
susceptible to external stimuli; (b) by releasing substances that 


influence regeneration of axons; or (c) by direct action on the 
denuded remodelling membranes (131). 


Axon degeneration, often with regeneration, is a feature of numerous 
peripheral neuropathies, including those associated with diabetes, 
amyloidosis, infections (such as leprosy), sarcoidosis, paraneoplastic 
syndromes, vascular disease, and metabolic diseases 
(24,54,132,133). Most toxic neuropathies (34,68) result in chronic 
axonal degeneration at the extreme distal ends of sensory and motor 
nerves (distal axonopathies). The distal ends of long tracts in the 
spinal cord (dorsal columns and corticospinal tracts) are often 
affected as well as the peripheral nerves. Timely withdrawal of the 
toxin may allow effective regeneration to occur, but only in the 
peripheral nerves, not in the spinal cord. Many peripheral 
neuropathies induced by the diseases itemized above are slowly 
progressive, so that nerve biopsies in these conditions do not usually 
reveal the early stages of axonal degeneration and regeneration. 
More frequently, the histological picture is characterized by loss of 
large myelinated axons and, to a lesser extent, loss of small 
myelinated and unmyelinated axons. Nerve root or peripheral nerve 
compression and trauma to peripheral nerve trunks result in axonal 
degeneration. Regeneration may be recognized in transverse sections 
of peripheral nerve by the presence of clusters (Figure 10.13). In 
teased fiber preparations, short internodes in the distal part of the 
nerve indicate that axonal degeneration and regeneration have 
occurred in the past (121). 


Segmental Demyelination and 
Remyelination 


When demyelination occurs in peripheral nerves, it has a segmental 
distribution with each segment representing the internodal portion of 
an axon myelinated by one Schwann cell (Figures 10.7, 10.14). Such 
segments can be contiguous, and thus demyelination may occur over 
long lengths of the nerve or in short sporadic segments (55,118). 


The axon remains intact except in severe demyelinating neuropathies 
in which secondary axonal degeneration occurs. Remyelination is 
often rapid and effective, with restoration of nerve function. 
Demyelination may occur as a result of direct interference with 
Schwann cell metabolism, as in diphtheria; myelin sheaths are 
broken down through the lysosomal action of Schwann cells, although 
macrophages are later involved in the destruction of myelin debris 
(116,120). Another mechanism that is seen in the commonest acute 
demyelinating neuropathy, Guillain-BarrA© syndrome, in which there 
is an immunological attack on peripheral nerve myelin by 
lymphocytes and macrophages; segmental demyelination occurs and 
is followed by remyelination (Figures 10.14, 10.15). Functional 
recovery occurs following both types of demyelination except in the 
most severe cases (134). 


The first stages of segmental demyelination are seen at the node of 
Ranvier, where the nodal gap becomes widened; subsequently, the 
whole internode of myelin may be broken down (135). This 
destruction results in severe slowing of conduction of nerve impulses 
across the demyelinated segment and the onset of symptoms for the 
patient. Preserved axons remain invaginated within Schwann cells as 
the 
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myelin sheaths are broken down (Figures 10.15 and, 10.16). 
Schwann cells proliferate and within a few days start to remyelinate 
the demyelinated axons by a similar mechanism to that seen during 
myelination in the fetus. Remyelination may be well advanced by two 
weeks after demyelination as the thickness of myelin sheaths 
increases and conduction velocities return to normal. 
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Figure 10.14 Summary of the events occurring in primary 
segmental demyelination and remyelination. A. Normal nerve. B. 
Early segmental demyelination; retraction of paranodal myelin 
with widening of the nodal gap. C. Destruction of myelin sheath 
and Schwann cell mitosis. D. and E. Remyelination; intercalated 
short segments. (Reprinted from: 

Weller RO, Cervos-Navarro J. Pathology of Peripheral Nerves: A 
Practical Approach. London: Butterworths; 1977 

with permission.) 


Classically, segmental demyelination can be detected in teased nerve 
fibers, first by the presence of widening of the gap of the node of 
Ranvier and then by the presence of axons devoid of myelin sheaths. 


Intercalated thin myelin sheaths along the axon are seen as 
remyelination proceeds (Figure 10.15). In electron micrographs or in 
resin-embedded light microscope sections, naked axons can be 
recognized in transverse section and remyelinating fibers detected by 
the presence of inappropriately thin myelin sheaths (Figures 
10.12,10.13,10.14). Segmental demyelination is a feature of a 
number of peripheral neuropathies (132,133), particularly mild 
vascular damage to peripheral nerves as in rheumatoid arthritis 
(136), diabetes (24), Guillain-BarrA© syndrome, occasional toxic 
neuropathies (131), and metabolic neuropathies such as 
metachromatic leukodystrophy (15,56) (Figure 10.15). Throughout 
the range of neuropathies, however, segmental demyelination is less 
common than axonal degeneration. 


Hypertrophic Neuropathy 


Recurrent segmental demyelination is a feature of a number of 
chronic hereditary neuropathies, particularly Charcot-Marie-Tooth 
(CMT) disease, DA©jA@rine-Sottas disease (hereditary motor and 
sensory neuropathy types | and III), and Refsum's disease 
(138,139). In such diseases, repeated segmental demyelination 
appears to be responsible for a florid proliferation of Schwann cells 
and the formation of onion-bulb whorls (139,140) (Figures 10.14, 
10.15), giving a distinctive histological picture of hypertrophic 
neuropathy to these peripheral neuropathies. So far, at least 16 
genetic loci and 9 caustive genes have been identified for primary 
heritable demyelinating neuropathies (HDN); therefore, although 
histopathological analysis is still important for the diagnosis of HDN, 
it is gradually being replaced by molecular diagnosis (139,141). 


Traumatic Lesions of Peripheral Nerve 


An understanding of the structure and staining reactions of normal 
peripheral nerve is essential for unraveling the complexities of 
traumatic lesions of nerve. Identification of cell types, recognition of 


patterns of organization, and the detection of normal elements within 
a traumatic lesion allow a more confident diagnosis and description 
to be formulated. 


Amputation neuromas may develop as painful swellings at the distal 
ends of amputated limbs or at sites of nerve damage without 
amputation. They consist of disoriented bundles of axons surrounded 
by Schwann cells and divided into compartments by perineurial cells. 
In H&Ea€“stained paraffin sections, the tubular formation of the 
perineurial compartments can be recognized (56). By 
immunocytochemistry, axons can be stained with antibodies to 
neurofilament protein and GAP 43; the Schwann cells associated with 
them contain S-100 protein, and the perineurial cells are EMA-, Glut- 
1â€“, and claudin-1a€“positive but do not contain S-100 protein 
(142). Silver stains can also be used to identify the twisted and 
disoriented axons. The histological picture reflects the processes 
seen in the normal regeneration of peripheral nerve; but in 
amputation neuromas, appropriate regeneration along the distal part 
of the nerve is prevented. 


In 1876, Thomas G. Morton, from Pennsylvania, described a neuroma 
that involves the plantar interdigital nerves, almost always between 
the third and the forth toes (Morton's metatarsalgia), and consists of 
small painful swellings on the nerves. Histologically, there is fibrosis 
and edema of the endoneurium and perineurium and the 
accumulation of mucosubstances similar to endoneurial 
glycosaminoglycans. The detection of axons and Schwann cells by 
immunohistochemistry is often a useful adjunct to the diagnosis of 
this lesion (142). 


A pseudocyst or nerve sheath ganglion, containing mucinous material 
that stains with Alcian blue, may form on a 
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peripheral nerve, generally at a site of repeated trauma. Although 
the fibrous capsule of the cyst and its mucinous contents may 
dominate the picture, damaged nerve components can usually be 


detected adjacent to the cyst (142). 
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Figure 10.15 Segmental demyelination and remyelination. A. 
Transverse section of peripheral nerve showing early 
remyelination in an experimental animal. There are normal, large 
myelinated fibers with axons 8 to 10 Aum in diameter and axons 
3 to 5 Aum in diameter, which have thin myelin sheaths and are 
remyelinating. Myelin debris is seen in Schwann cells and 
macrophages (1-Aum resin section, toluidine blue, A—310). B. 
Nerve biopsy from a child with metachromatic leukodystrophy 
(sulfatide lipidosis). Large axons with either thin myelin sheaths 
(remyelination) or with no myelin sheath at all (demyelinated) 
(right of center) are seen in the biopsy. Unmyelinated fibers 
(center) are unaffected (1-Aum resin section, toluidine blue, 
A—310). (Reprinted from 

Ahmed AM, Weller RO. The blood-nerve barrier and reconstitution 


of the perineurium following nerve grafting. Neuropathol Appl 
Neurobiol 1979;5:469a€“483 

with permission.) C. Hypertrophic neuropathy (Charcot-Marie- 
Tooth disease-HSMN type |). Demyelinated and remyelinated 
axons are seen at the centers of onion-bulb whorls formed by 
Schwann cell processes; there is abundant endoneurial collagen 
(pink) (1-um resin section, toluidine blue and carbol fuchsin, 
A—240). D. Teased fibers. Normal fiber (lower) with a normal 
node of Ranvier (N). The fiber above has a thin, remyelinating 
segment (R) on one side of the node and a normal segment on 
the other side (osmium stain, A—200). (Reprinted from: 
Weller RO. Colour Atlas of Neuropathology. Oxford: Oxford 
University Press and Harvey Miller; 1984 

with permission.) 


Compressive lesions of peripheral nerves have resulted in some 
debate regarding their origin. Because of the resemblance of whorls 
within these lesions to those seen in hypertrophic neuropathies, they 
have been labeled localized hypertrophic neuropathy (36). Such 
lesions usually occur at sites of compression over the fibula or on the 
posterior interosseous nerve (137), although some lesions present 
with no obvious nerve compression. Although there is well-marked 
onion-bulb formation, ultrastructural studies have shown that the 
onion bulbs are formed not by Schwann cells, as in hypertrophic 
neuropathies, but by perineurial cells (141,143). Such compressive 
lesions should not be confused with perineuromas in which 
immunocytochemistry has confirmed that the cell whorls are formed 
by EMA-, Glut-1a€“, and claudin-1a€“positive perineurial cells 
(40,143), and there are abnormalities of chromosome 22. (143,144). 


In 1972, Reed described a small (1a€“15 mm), typically solitary 
neuroma that presents in adults and affects the face, 
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with no clinical manifestations of neurofibromatosis or MEN-IIb 


(multiple endocrine neoplasia). This lesion is known as solitary 
circumscribed neuroma (SCN) (palisaded encapsulated neuroma) and 
is currently viewed as a form of true neuroma. Histologically, SCN 
appears aS one or more circumscribed nodules in the dermis, 
sometimes partially encapsulated by a delicate compact EMA-positive 
perineurial layer. The process consists of a solid proliferation of 
tightly interwoven fascicles of Schwann cells, sometimes separated 
by narrow gaps that create a characteristic appearance of the lesion 
at low magnification. The Schwann cells are often arranged as 
palisades, and there may be numerous axons scattered troughout the 
lesion, which are best demonstrated with Bodian's silver stain or by 
immunohistochemistry for neurofilament proteins (145). 


Figure 10.16 Demyelination. A large diameter axon (top) is 


demyelinated and devoid of a myelin sheath. A small onion-bulb 
whorl has formed around this axon with the encirclement by 
Schwann cell processes (S), one of which contains an 
unmyelinated fiber (UM). Thickly myelinated fibers are seen at 
the bottom of the picture. (Electron micrograph,A—6,600.) 


Tumors of the Peripheral Nervous 
System 


A variety of cells and structures may be identified in tumors of the 
peripheral nervous system; they include perineurial cells, Schwann 
cells, axons, and neurons (142,146,147). The diagnosis frequently 
depends on the histologic analysis of the tumor and thus the 
detection of cellular components forming the tumor and their 
relationship with normal nerve structures (142). 


Perineurioma is a rare true perineurial neoplasm (135). 
Perineuriomas can arise in a wide variety of sites and may exhibit 
different histological patterns with extra and intraneural forms 
(29,148). Histologically, intraneural perineuriomas affect individual 
fascicles with concentric proliferation of spindle cells around nerve 
fibers in the endoneurium; extraneural (soft tissue) perineuriomas 
show paucicellular to cellular forms (with some cases showing dense 
collagenizationa€“sclerosing perineurioma) with proliferation of 
spindle cells with extremely thin and elongated profile resembling 
normal perineurial cells (148). The key diagnostic finding is that the 
proliferation cells are labeled with EMA, Glut-1 and claudinl but fail 
to stain for S-100 protein, neurofilaments, and CD34 (39,40,41,142). 
Perineuromas may be closely related to cutaneous meningioma since 
shared histologic features, and positive staining for vimentin and 
EMA in both conditions, suggest close similarities between these 
lesions (41). 


Schwannomas are tumors of peripheral nerves composed almost 


entirely of Schwann cells (28,142,146). Neoplastic Schwann cells 
may produce and respond to trophic factors, particularly to the 
growth factora€“like polypeptides known as neuregulins, in an 
autocrine and/or paracrine fashion to promote proliferation. In fact 
the presence of neuregulins in certain schwannomas has been 
demonstrated by immunohistochemistry (149). 


Histologically, schwannomas show the classical patterns of spindle 
cells in a compact (Antoni type A) or loose (Antoni type B) 
arrangement. Neoplastic Schwann cells may exhibit different 
morphologies (Figure 10.17) (142,146,150,151,152). Occasionally, 
the Schwann cells have an epithelioid appearance (epithelioid 
schwannomas) (152), are surrounded by an abundant myxoid stroma 
(nerve sheath myxoma) (153), have a high nuclear-cytoplasmic ratio 
(cellular schwannoma), exhibit a plexiform pattern (plexiform 
schwannoma), contain copious melanin (melanotic schwannoma) or 
exhibit xanthomatous change with many foamy cells containing oil 
red Oda€“positive neutral lipid (142,146,154). Schwannomas_ usually 
grow on the sides of 
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nerves and do not infiltrate nerve bundles (54). Thus, normal nerves 
may be seen within the fibrous capsule that is usually present around 
schwannomas. 
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Figure 10.17 Panel showing the different morphology that the 
Schwann cells may present in schwannomas. A. Benign 
schwannoma, showing the typical biphasic appearance. B. Benign 
schwannoma with Verocay bodies. C. Reticulin (Gordon-Sweet) 
stain in a benign schwannoma, showing the positive basement 
membrane. D. Cellular schwannoma with uniform fascicular 
growth pattern. E. Granular cell schwannoma. Note the granular 
cells are originating from a nerve fascicle (N) (anti-S-100 
protein). (Photograph supplied by Dr. Javier Baquera.) F. 
Melanotic schwannoma. G. Nerve sheath myxoma. H. Malignant 
peripheral nerve sheath tumor (malignant triton tumor) with 
rhabdomyoblastic differentiation (arrowheads). 


Histologically, the tumor cells have elongated nuclei and long 
eosinophilic processes, often forming palisades first described by the 
Uruguayan-born pathologist JosA© Verocay and known today as 
Verocay bodies (155). The palisades are parallel arrays of tumor 
nuclei separated by the eosinophilic, periodic acid-Schiff 
(PAS)a€“positive processes of Schwann cells. The basement 
membrane investing each Schwann cell in the tumor is well- 
demonstrated by electron microscopy but can also be demonstrated 
in reticulin stains by light microscopy (54,142). Collagen bundles 
within schwannomas may have a distinctive long spaced appearance 
(Luse bodies) (156). Immunocytochemistry shows the presence of S- 
100 protein, CD57 (Leu-7), CD56, and calretinin in schwannoma 
cells, but they are negative for EMA (37,38,157). Some 
schwannomas associated with the spinal cord and those deep in the 
body or close to major joints stain by immunocytochemistry for 
GFAP, while the superficial, Subcutaneous schwannomas are negative 
(158). Schwann cells associated with unmyelinated fibers are more 
likely to express GFAP, and it has been proposed that the GFAP- 
positive schwannomas may arise from unmyelinated nerves (158). 


Melanin may be seen in schwannomas; and, by electron microscopy, 


premelanosomes and melanosomes may be identified (142,145). 
Such structures emphasize the common origin of Schwann cells and 
melanocytes from the neural crest (159,160). There are two types of 
melanotic schwannomas.The conventional type is composed of plump 
spindle and epithelioid cells arranged in whorls and streaming 
fascicles containing melanin pigment. Psammomatous melanotic 
schwannomas are mainly in autonomic/visceral locations with the 
same cell arrangement as melanotic schwannomas but with the 
additional feature of PAS-positive, von Kossa-positive, mineralized, 
laminated calcospherites (161). Approximately 50% of patients with 
psammomatous melanotic schwannomas may have evidence of 
Carney's syndrome, which includes primary pigmented nodular 
adrenocortical disease; pituitary-independent, primary adrenal form 
of hypercortisolism; lentigines; ephelides and blue nevi of the skin 
and mucosae; and a variety of nonendocrine and endocrine tumors, 
such aS myxomas, pituitary adenomas, testicular Sertoli cell tumor, 
and other benign and malignant neoplasms (including tumors of 
thyroid and ductal adenomas of the breast) (161). 


Granular cell tumor (GCT, or Abrikosoff tumor) is not a specific 
entity. Granular cytoplasmic change is the expression of a metabolic 
alteration occurring often, but not exclusively, in Schwann cells 
(162). The tumor cells have abundant granular cytoplasm and a small 
eccentric nucleus; they invade small nerve branches in the skin. 
Immunocytochemical studies have shown that the tumor cells 
express S-100 protein, CD57, CD68, neurospecific enolase (NSE), 
Protein Gene Product PGP9.5, and also occasionally myelin (PO and 
P2) and myelin-associated proteins (28,163). Expression of calretinin 
has been demonstrated in GCT. As this calcium-binding protein is 
typically expressed in neurons, ganglion cells, and Schwann cells, 
GTC expression may further support a neuronal origin or 
differentiation of these tumors (157). Interestingly, calretinin 
positivity may be increased in the pseudoepitheliomatous hyperplasia 
of the squamous epithelium overlying the tumor cells seen in some 
cases of GCT, which may indicate a role of calretinin in the 


interaction between GCT cells and hyperplastic epithelium (157). 
Granular cells have also been described in nerves undergoing 
wallerian degeneration (162). 


Neurofibromas are complex benign lesions frequently associated with 
neurofibromatosis (147). As distinct from schwannomas, 
neurofibromas are diffuse lesions in the skin or around peripheral 
nerves that invade the peripheral nerve endoneurium and enlarge 
nerve branches (54,142,147). They also diffusely invade surrounding 
tissues and may cause bone destruction. Histologically, 
neurofibromas are as a rule not encapsulated, and they contain a 
variety of cells that are associated with peripheral nerves; unlike 
schwannomas, neurofibromas are not predominantly composed of 
Schwann cells. Mast cells are frequently seen in the stroma and can 
be identified using toluidine blue or Giemsa or by anti-triptase, 
CD117, and calretinin immunohistochemistry (51,52,152). Mast cells 
induce factor XlIlla-positive fibroblast-like cells to synthesize the 
large amount of extracellular matrix in neurofibromas, and mast cells 
are one of the inflammatory cell types involved in tumor promotion 
(52,164,165,166). It has been hypothesized that when mast cells are 
lost, aS seen in cases of malignant peripheral nerve sheath tumors, 
there may be a diminution of the anti-cancer effect of mast cells in 
maintaining the benign nature of some of these proliferations 
(51,52). By immunocytochemistry, S-100- and CD57 (Leu-7)-positive 
Schwann cells can be detected within neurofibromas, in addition to 
EMA-, Glut-1a€“, and claudin-1a€“positive perineurial cells and CD34 
endoneurial fibroblasts (37,38). Entrapped axons can be seen 
coursing through neurofibromas in immunocytochemical preparations 
for neurofilament protein or in silver-stained sections. All of these 
cellular components are set in a variable fibromyxoid stroma that in 
some cases may be so prominent (the myxoid part) that it may be 
mistaken for a myxoma or myxoid liposarcoma. Distorted structures 
resembling Wagner-Meissner or pacinian corpuscles are some times 
seen (pacinian neurofibromas), and melanin may be found in 
pigmented neurofibromas (167). 


Neurofibromatosis is an autosomal dominant disease that is part of 
the group of neurocutaneous disorders collectively known as 
phacomatoses (137,142,168). It presents as two major diseases, 
peripheral (type 1, or von Recklinghausen's disease; NF1) and 
central (type 2; NF2) (163). Both type 1 and type 2 are inherited as 
autosomal dominant traits, but many cases are new mutations. Over 
90% of cases 
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of neurofibromatosis are type 1 (peripheral); a gene defect has been 
located on the long arm of chromosome 17 (17q11.2; NF1 gene) near 
the centromere and has been linked to the locus encoding nerve 
growth factor (147,168). There is an increase in nerve growth factor 
in the serum of patients with this disorder (169). The NF1 suppresor 
gene, which spands over 350 kb of genomic DNA and contains 60 
exons, encodes a ubiquitous protein known as _ neurofibromin. This 
2818 amino acid protein has been shown to be associated with 
cytoplasmic microtubules and functions as a GTPase-activating 
protein forras (170,171). 


A wide variety of disorders occur in patients with NF1, including 
elephantiasis neuromatosa, in which there are redundant folds of 
Skin associated with plexiform neurofibromas (24,162,168,170,171) 
and, more commonly, multiple cutaneous neurofibromata. Other 
tumors, such as gliomas, carcinoid tumors, pheochromocytomas, 
neuroblastomas, gastrointestinal stromal tumors, Wilms' tumors, and 
pigmented hamartomas of the iris (Lisch nodules), are also seen in 
patients with this disorder (142,167). 


Central, or type 2, neurofibromatosis is much less common than NF1 
and is characterized by bilateral vestibular schwannomas; skin 
lesions are uncommon. Approximately 40% of the vestibular 
schwannomas in NF2 tend to have a lobular grapelike pattern, while 
this arrangement is extremely uncommon in sporadic schwannomas 
(169,172). A proportion of these patients have multiple tumors, 
including meningiomas, intramedullary spinal ependymomas, and 
glial microhamartomas of the cerebral cortex (169,170). A gene 


deletion on chromosome 22q12 (NF2 gene) was identified in 1993 in 
patients with this disorder, and it is associated with abnormalities of 
glial growth factor and nerve growth factor activity (169). The NF2 
gene spans 110 kb and encodes a membrane-cytoskeleton linking 
protein that is a member of the protein 4.1 family, known as merlin, 
(for moezin-ezrin-radixin-like protein). Merlin, also known as 
schwannomin, may be detected immunohistochemically in the 
cytoplasm of many cells, including Schwann cells, and it is believed 
to act as a tumor suppressor gene, the loss of function of which is a 
fundamental event in the genesis of schwannomas (172,173,174). 
Normal Schwann cells express merlin, which is known to play a 
crucial role in cytoskeleton-associated events. Since merlin is a 
tumor suppressor gene, and all schwannomas lack merlin, it is 
proposed that the mutation of NF2 may cause tumor formation 
through disruption of cell shape, cell matrix, and cell-cell 
communication or signaling functions, attributed to actin- 
cytoskeleton-plasma membrane interaction (173,174). Sporadic 
schwannomas from non-NF2 individuals also have NF2 mutations 
(175). 


Neuronal tumors such as ganglioneuromas occur in association with 
autonomic ganglia in the peripheral nervous system. Histologically, 
neurons can be identified within these tumors; axons and Schwann 
cells may be identified by immunocytochemistry. Electron microscopy 
reveals the presence of 100-nm dense-core vesicles resembling 
catecholamine granules in the neurons. In addition to well- 
differentiated ganglioneuromas, primitive neuroectodermal tumors 
such as neuroblastoma and ganglioneuroblastomas arise within the 
abdomen and thorax (172). Cell types within the more primitive 
tumors may be difficult to identify by immunocytochemistry, but 
electron microscopy usually reveals the presence of 100-nm dense- 
core catecholamine vesicles within the tumor cell cytoplasm 
(142,176). 


Malignant peripheral nerve sheath tumors (MPNST, or malignant 
schwannomas) (142) are derived from specialized cells of the 


endoneurium and perineurium and show great histological variation 
and many similarities to other soft tissue tumors (28,142). The term 
MPNST incorporates previously used terms such as 
neurofibrosarcoma and malignant schwannoma. Mutation in the NF1 
tumor suppressor gene is the most important molecular genetic 
event in the development of MPNST (177). Malignant change in a 
benign scwhannoma is an extremely rare event (142); however, two 
forms of neurofibroma, plexiform and localized intraneural 
neurofibroma, are significant precursors of MPNST (178). 
Immunocytochemistry has demonstrated EMA-, S-100a€“, and CD57- 
positive cells in MPNST (154,177), and occasional tumors that are 
EMA-positive and S-100a€“negative have been described as MPNST 
with perineurial cell differentiation (179). This suggests that cells of 
MPNST may produce proteins characteristic of perineurial cells or of 
both perineurium and Schwann cells. Neurospecific enolase, 
neurofilament protein, and myelin-basic protein have also been 
occasionally identified in MPNST (17,180). Heterogeneity is common, 
and so histological sampling should include wide areas of tumor 
(142,181). Unusual elements (such as cartilage, bone, squamous 
elements, and muscle) may be encountered occasionally. Malignant 
peripheral nerve sheath tumors may also present with malignant 
glands (glandular malignant schwannoma) or rhabdomyosarcoma, 
features that may be highlighted by immunocytochemistry for 
cytokeratins and desmin, respectively. In an attempt to explain the 
occurrence of malignant muscle differentiation (rhabdomyosarcoma) 
in malignant schwannomas, Pierre Masson suggested that 
endoneurial cells might differentiate into muscle cells under the 
inductive influence of nerve cells, a situation that was thought to be 
operative in regenerating limbs in triton salamanders, hence the 
name triton tumor (malignant schwannoma with rhabdomyoblastic 
differentiation) (182). 
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Introduction 


The central nervous system (CNS) is unparalleled among natural 
systems in terms of structural and functional complexity. As a 
consequence of its intricate regional architecture, heterogeneous 
cellular constituents, and an associated extensive and somewhat 
arcane lexicon, the nervous system is often viewed as a formidably 
Byzantine realm by many nonneuropathologists; and yet, a working 
familiarity with the normal morphology of this complex organ must 
precede optimal evaluation of the many disease states that afflict it. 
To this end, this chapter will present the salient features of regional 
neuroanatomy followed by a description of the essentials of 
microscopic anatomy of the CNS, with special emphasis on those 
aspects that constitute potential diagnostic pitfalls, including normal 
anatomic variations, alterations associated with advancing age, 
reactive changes, and common artifacts. 


Regional Neuroanatomy 


We have limited this discussion of regional neuroanatomy to those 


principles of structural organization that are of practical value to the 
diagnostician, emphasizing the rudiments of neuroembryology by 
which the basic organization 
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of the nervous system is best understood. Further details about 
topographical neuroanatomy can be found in the list of Suggested 
readings provided at the end of the chapter. 


Organization of the Spinal Cord and 
Brainstem 


Embryologically, the nascent CNS is a hollow tube formed by the 
invagination of the neural plate ectoderm. This primitive cylinder is 
subdivided functionally into a dorsal sensory (alar) plate and a 
ventral motor (basal) plate. The two are separated by a lateral 
groove, termed the sulcus limitans, along which develops the 
efferent autonomic system (Figure 11.1). This primitive 
organizational pattern is retained, essentially unaltered, in the 
mature spinal cord. The central gray matter consists of: (a) dorsal 
horns that receive sensory input from the dorsal roots; (b) ventral 
horns that contain motor neurons whose axons are conducted to the 
somatic periphery by the ventral roots; and (c) the lateral autonomic 
gray matter. Spinal autonomic neurons are confined to thoracic 
(sympathetic) and sacral (parasympathetic) levels, forming the 
intermediolateral cell columns. The axons of these preganglionic 
neurons exit the spinal cord through the ventral roots, ultimately to 
synapse on postganglionic neurons in the peripheral autonomic 
ganglia. The sympathetic intermediolateral cell column produces a 
third horn of gray matter in the thoracic cord, termed the lateral 
horn (Figures 11.1,11.2). The parasympathetic intermediolateral cell 
column occupies a similar lateral position in the sacral cord (at the 
S2, S3, and S4 levels) but does not form a distinct horn. 
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Figure 11.1 Structural organization of the spinal cord and 
brainstem. (See text for discussion.) 


Spinal Cord 


The anatomy of the spinal cord varies according to the level (Figure 
11.2). Two enlargements of the ventral horns, one in the cervical 
region (Figure 11.2A) and another in the lumbosacral region (Figure 
11.2C), provide motor innervation for the upper extremities and 
lower extremities, respectively. In contrast, the ventral horns of the 


thoracic cord provide innervation for the more limited axial 
musculature of the trunk and are, accordingly, much smaller (Figure 
11.2B). As mentioned earlier, the lateral horns of the gray matter 
(Sympathetic neurons) are a unique feature of the thoracic cord. The 
thickness of the surrounding white matter fiber bundles (termed 
funiculi) also varies with cord level, being greatest in the cervical 
cord, where the thickness reflects the summated accrual of ascending 
fiber tracts that have successively entered at lower levels, as well as 
the maximum content of descending tracts that are en route to lower 
levels, and thinnest in the lumbosacral cord. The terminus of the 
spinal cord, the filum terminale, is composed primarily of meningeal 
connective tissue in the human and is discussed separately with the 
pia-arachnoid (Figure 11.56). 


Figure 11.2 Spinal cord: regional variation of spinal cord 
structure is illustrated in these cross sections taken from the 
cervical enlargement (A), midthoracic cord (B), and lumbosacral 
enlargement (C). The cervical enlargement (A) is typified by an 
oval shape with large white matter funiculi and prominent, broad 
anterior gray horns that contain the motor neurons that 
innervate the upper extremities. In contrast, sections from 
thoracic cord (B) have a more rounded profile and exhibit small, 
slender, peglike anterior gray horns. In addition, lateral horns, 
which house the intermediolateral cell column neurons of the 
sympathetic nervous system, are unique to thoracic segments 
(see Figure 11.1). The lumbosacral cord (C) has very large 
anterior gray horns (motor supply to the lower extremities) like 
those of the cervical enlargement but only a very small 
surrounding mantle of white matter (see Figure 11.1). 
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Brainstem 


The brainstem is innately more complex than the spinal cord, but its 
basic organization is readily understood when viewed as a slightly 
modified version of the basic plan. Thus, the stem is also a neural 
tube but one that has been stretched dorsally and splayed out 
laterally so that the ventrally located embryonic motor plate is now 
medial and the dorsal sensory plate is lateral (Figure 11.1). 
Therefore, within the brainstem, the cranial nerve motor nuclei are 
located medially, the sensory nuclei laterally, and the autonomic 
nuclei are intermediate in position. 


The brainstem can be further subcategorized in cross section into 
tectum, tegmentum, and base. The tectum is the roof of the 
ventricular system, as exemplified by the superior and inferior 
colliculi (corpora quadrigemina) of the midbrain and the superior 
medullary vela of the pons and medulla. The tegmentum forms the 


floor of the cerebral aqueduct and fourth ventricle and is divisible 
into the medial motor and lateral sensory areas discussed previously 
(Figure 11.1). The a€cebasea€* is located subjacent to the 
tegmentum and is the most ventral portion of the stem. It is 
composed principally of the so-called long tractsa€”that is, the 
descending motor pathways and ascending sensory pathways that 
link the spinal cord with higher neural centers. The combination of 
long tract signs with dysfunction of specific cranial nerves allows the 
precise anatomic localization of brainstem lesions by clinical 
examination. 


Cerebellum 


Embryologically, the cerebellum arises as a dorsal outgrowth of the 
fetal brainstem and remains connected to it in the adult by the three 
pairs of cerebellar peduncles: the superior (brachium conjunctivum), 
middle (brachium pontis), and inferior (restiform body). They join 
with the midbrain, pons, and medulla, respectively. The cerebellum is 
composed of three structural and functional compartments: cortex, 
medulla, and deep nuclei. The cortex 
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displays three distinct laminae: an outer hypocellular molecular 
layer, an intermediate single-cell thick Purkinje cell layer (described 
below), and a deep hypercellular granular cell layer (Figure 11.3). 
Before one year of age, the cerebellar cortex is conspicuous for 
remnants of a fourth layer of small neurons, the fetal external 
granular cell layer, which is located immediately subjacent to pia 
(Figure 11.3C). The external granular cells are gradually depleted 
during the first year of life as they descend the processes of 
Bergmann glia to reach their final position in the internal granular 
cell layer. Embedded within the white matter of the cerebellar 
medulla are four pairs of nuclei, from medial to lateral: fastigial, 
globosus, emboliform, and dentate. The dentate is by far the largest 
and is usually the only deep nucleus seen on routine sections. Its 
serpiginous profile is strikingly similar to that of the inferior olivary 


nucleus of the medulla oblongata (illustrated in Figure 11.1) which is 
a major source of afferent fibers to the cerebellum. 


Figure 11.3 Cerebellar cortex. The adult cerebellar cortex is 
composed of three layers: an outer hypocellular molecular layer, 
middle Purkinje cell layer, and inner densely populated granular 
cell layer. Whereas the Purkinje cells are prototypically neuronal 
in appearance, the small cells of the granular layer are hardly 
recognizable as neurons by traditional histologic criteria (see 
Figure 11.7). A. A cross section of a cerebellar folium shows the 
typical broadly branching Purkinje cell dendritic arbor. B. 
However, sections taken parallel to the folia reveal the 
streamlined a€ceon edgea€* appearance of the arbor, which 
should not be interpreted as pathological pruning. C. The fetal 
cerebellum has an additional cortical lamina, the external 
granular layer, applied to the surface of the cortex. This pool of 
cells populates the internal granular cell layer during 


development and is, thereby, depleted by the end of the first 
year of postnatal life. 


The Purkinje cell dendritic arbor extends into the molecular layer like 
a hand with outstretched fingers. Its broad, flat palm and radiating 
fingers are oriented perpendicular to the long axis of the cerebellar 
convolutions (folia). Thus, routine folia cross sections show the 
typical, elaborate dendritic branching pattern, whereas longitudinal 
sections present a dramatically different a€ceon edgea€* view of the 
arbor (Figure 11.3). This should not be mistaken for pathologic 
dendritic tree a€oepruninga€* seen in some disease states. 


Diencephalon 


The diencephalon is interposed between the brainstem (midbrain, 
pons, and medulla) and the cerebrum. Four major divisions are 
recognized: epithalamus (pineal gland and habenula), thalamus, 
subthalamus, and hypothalamus. The medial and lateral geniculate 
nuclei of the thalamus are sometimes considered together as the 
metathalamus. 


The strategic location of the thalamus is related to its major role in 
processing and relaying information passing between the cerebral 
cortex and brainstem and spinal cord. All sensory data (with the 
exception of olfaction) are processed by specific thalamic nuclei 
before distribution to the primary sensory cortices. 


Of clinical significance to the pathologist, certain portions of the 
diencephalon immediately subjacent to the third ventricle (in 
particular, the large dorsomedial nuclei of the thalamus and the 
mammillary bodies of the hypothalamus) are often prominently 
involved in Wernicke's encephalopathy. The lesions at these sites are 
postulated to account for the memory disturbance that accompanies 
this disorder. 


Cerebrum 


Supratentorially, the CNS becomes so much more complicated that it 
is difficult to describe in terms of any general pattern of orientation. 
It remains a hollow structure, but 
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one that is no longer easy to consider as a tube with foldings and 
regional overgrowths. In light of this complexity, it is appropriate to 
review only those areas that are of particular diagnostic relevance. 


Basal Ganglia 


The term basal ganglia refers to the deep gray matter masses of the 
telencephalon and encompasses the caudate nucleus, putamen, 
globus pallidus, and amygdala (Figure 11.4). The term ganglion was 
formerly used interchangeably with nucleus, and ganglion cell was 
synonymous with neuron to earlier neuroanatomists. With the 
exception of the basal ganglia, the current definition of a ganglion is 
now generally restricted to mean a collection of neuronal cell bodies 
located outside the CNS, namely, the sensory and autonomic ganglia 
of the peripheral nervous system. Reference to CNS neurons as 
ganglion cells is still occasionally encountered, and this historical 
sense of the term is reflected in the names of such neoplastic entities 
as ganglioglioma, ganglioneuroma, and ganglion cell tumor. 


Figure 11.4 Basal ganglia. The gray matter of the telencephalon 
is broadly divisible into two componentsa€”the superficial cortical 
gray matter mantle and the deep gray nuclei. The latter are 
known as the basal ganglia and consist of the caudate nucleus 
(C), putamen (P), globus pallidus (GP), and amygdala (A). The 
lenticular nucleus is composed of the medially situated, diffusely 
myelinated globus pallidus and the laterally placed putamen, 
whose myelinated fibers are grouped into slender fascicles known 
as the pencil bundles of Wilson. The internal capsule (IC) 
separates the lenticular nucleus from the caudate and the 
thalamus (T). Gray matter bridges (arrow) occasionally span the 
capsule to connect the caudate and putamen, a reflection of the 
close functional relationship between these two nuclei. The 
lenticular nucleus receives its blood supply from several 
lenticulostriate arteries, which are direct branches of the middle 
cerebral artery, and is the most common site of intracerebral 
hypertensive hemorrhage and lacunar infarction. The large 


lenticulostriate artery coursing through the lateral putamen was 
known in former times as Charcot's artery, or, more colorfully, as 
the artery of internal hemorrhage. The lenticulostriate vessels 
are often surrounded by dilated perivascular spaces that should 
not be mistaken for lacunar infarcts. 


The amygdala (archistriatum) is located in the mesial temporal lobe 
immediately rostral to the hippocampus and is functionally related to 
the limbic system. The remaining nuclei of the basal ganglia play an 
integral role in the modulation of motor function and probably 
participate in other higher neural systems as well. The caudate 
nucleus, as the name implies, has a long tapering tail that intimately 
follows the curvature of the lateral ventricle. The caudate is 
morphologically and functionally closely related to the putamen. 
These two nuclei are appropriately referred to collectively as the 
neostriatum, or simply the striatum. For descriptive purposes, the 
putamen and the medially situated globus pallidus (paleostriatum, or 
pallidum) are collectively referred to as the lenticular (lentiform) 
nucleus. The putamen and globus pallidus are separated from one 
another by the external medullary lamina of the globus pallidus, 
whereas the globus pallidus is itself divided into medial and lateral 
segments by the internal medullary lamina. The globus pallidus (pale 
globe) is so named because of its pallor in the fresh state compared 
to the putamen. This contrast is attributable histologically to the 
dense meshwork of myelinated fibers in the globus pallidus. In 
contrast, myelinated axons in the putamen are grouped into slender 
fascicles (pencil bundles of Wilson) that project medially to the 
globus pallidus and to the substantia nigra. The histologic 
appearance of the lentiform nucleus is distinctive and permits 
unambiguous identification of even very limited amounts of tissue 
from this site. 


The basal ganglia are prominently involved in a variety of 
pathological processes, including kernicterus (literally, nuclear 


jaundice) in the neonate and lacunar infarction in adults. Carbon 
monoxide poisoning classically produces selective necrosis of the 
inner segment of the globus pallidus. A frequent incidental finding of 
no diagnostic significance on routine sections of the lentiform nucleus 
is micronodular mineralization of small blood vessels, which is 
typically most prominent in the globus pallidus. Histologically, similar 
micronodular mineralization is also commonly seen in the 
hippocampus (Figure 11.5C). 


Hippocampal Formation 


The hippocampal formation comprises the subiculum, Ammon's_ horn 
(hippocampus proper), and dentate gyrus (Figure 11.5). In coronal 
sections of the medial temporal lobe, the subiculum forms the 
inferior base of the hippocampal formation, joining the 
parahippocampal 
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gyrus with Ammon's horn. Ammon's horn, routinely abbreviated CA 
(for cornu Ammonis), is divided into four regions, CA1 through 4, 
based on cytological architecture and synaptic connectivity. (This 
nomenclature was introduced by Lorente de No in 1934.) The 
superiorly arching CA1 is joined by CA2 to form the medial floor of 
the temporal horn of the lateral ventricle. The dorsally situated CA2 
is usually recognizable by the greater compactness of the pyramidal 
cell layer, as compared to CA1, and CA3 forms a descending medial 
arch that terminates in the hilus of the dentate gyrus. The final 
segment of Ammon's horn, CA4, lies within the hilus of the dentate 
gyrus and is often referred to as the end-plate. Essentially equivalent 
to Sommer's sector, CA1 is the zone that is most sensitive to various 
insults, including seizures, ischemia, and Alzheimer's disease 
changes. In contrast, the adjacent CA2 segment is known as the 
dorsal resistant zone, in recognition of its relative sparing compared 
to the other three sectors. The exquisite sensitivity of CA1 to injury, 
with sparing of the adjacent CA2, is routinely observed as mesial 


sclerosis of the hippocampus, which is seen in many temporal lobes 
resected for intractable epilepsy. The classic histologic description of 
the pattern of neuronal loss in Ammon's horn was based on 
observations made on the brains of such epileptic patients by 
Wilhelm Sommer in 1880; E. Brotz coined the term Sommer's sector 
in 1920. 
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Figure 11.5 Hippocampal formation. The hippocampal formation 
is composed of the subiculum, Ammon's horn (cornu Ammonis, 


abbreviated CA; divided into regions CAla€“CA4), and the 
dentate gyrus (A, B). CA1 is equivalent to Sommer's sector and 
is the region of the hippocampus that is most sensitive to a 
variety of insults. In contrast, the adjacent CA2 region is known 
as the dorsal resistant zone. Two common incidental findings are 
also illustrateda€”micronodular mineralization (B, C), which is 
also seen in the globus pallidus, and a residual hippocampal 
fissure (B, D), which should not be misinterpreted as a healed 
infarct. [CN, tail of the caudate nucleus; HF, residual 
hippocampal fissure; LGN, lateral geniculate nucleus (note the 
a€ceNapoleon's hata€* profile and distinctive lamination); MM, 
micronodular mineralization. 


There are several notable features that are frequently encountered 
incidentally in the examination of routine hippocampal sections and 
can be mistakenly interpreted as evidence of diSease. One is an 
asymptomatic micronodular mineralization comparable to that seen in 
the globus pallidus. In the hippocampal formation, it is most 
commonly seen just outside the apex of the dentate gyrus (Figure 
11.5B, C). A second common finding is a residual hippocampal 
fissure, which produces a rarefied lamina or cystic cleft that can be 
mistaken for a healed infarct (Figure 11.5B, D). In addition, 
pyramidal neurons of the CA are often dark and shrunken in autopsy 
material, and care must be taken not to overinterpret such changes 
as evidence of ischemia (Figures 11.16, 11.17). 


Cerebral Cortex 


From antiquity, neuroscientists have sought to divide the cortical 
mantle into discrete, functionally significant units. Early efforts 
yielded fanciful maps akin to those of phrenology and physiognomy. 
More recently, the application of light microscopy and special staining 
techniques for cell bodies (Nissi stains), dendritic arbors and 
unmyelinated axons (Golgi's stains), and the myelin sheaths of 


myelinated axons (myelin stains such as the Weil's, Weigert's, and 
Luxol fast blue methods) have permitted a more scientific approach, 
although the details are beyond the scope of this chapter. In brief, 
the parcellation of the cortex is based on regional variation in the 
relative number, composition, and distribution of cortical neurons 
and their processes (cytoarchitectonics and myeloarchitechtonics). 
Various neuroanatomists have divided the cortex into a number of 
regions, varying from 20 to more than 200 and depending on the 
particular morphologic criteria and degree of subtlety employed. 
Currently, the most popular cortical map is that devised by Korbinian 
Brodmann in 1909. Brodmann's map and the classical nomenclature 
for the gross anatomy of the cerebral sulci and gyri are the two 
systems most commonly used at present for reference purposes in 
the neuroanatomic and clinical literature. 


Within the context of even the simplest cortical map, it is generally 
not possible to assign a given histologic section of cortex to a precise 
anatomic locus without prior knowledge of the section's provenance. 
However, two cortical areas do exhibit distinctive features: primary 
motor cortex and primary visual cortex. The motor cortex, located on 
the precentral gyrus of the frontal lobe, is distinguished by the 
presence of the giant pyramidal cells of Betz. Pyramidal cells 
generally range from 10 to 50 mm in soma height from base to origin 
of the apical dendrite. By comparison, Betz cells may exceed 100 mm 
in soma height. The primary visual cortex, located on the banks of 
the calcarine fissure of the medial occipital lobe, is remarkable for 
the presence of a prominent external band of Baillarger, termed the 
line (or stria) of Gennari. This myelinated stratum located in lamina 
IV is usually visible to the naked eye and permits exact delineation of 
the primary visual cortex (Brodmann area 17) from the adjacent 
visual association cortex (Brodmann area 18). 


Cellular Constituents of the Central 
Nervous System 


Gray Matter and White Matter 


By volume, most of the central nervous system is composed of gray 
matter and white matter. Specialized types of CNS tissues include 
the choroid plexus, pineal gland, circumventricular organs, and the 
infundibulum and neurohypophysis (discussed later). The hallmark of 
gray matter (Figure 11.6A) is the presence of neuronal cell bodies 
embedded within a finely textured eosinophilic background termed 
neuropil (Figure 11.6B, C). Neuropil (literally, nerve felt) is an 
interwoven meshwork of neuronal and glial cell processes. The 
individual neurites that compose the neuropil are not generally 
distinguishable in routine hematoxylin-eosin (H&E)a€“stained 
sections (Figure 11.6B) but are resolvable at the ultrastructural level 
(Figure 11.6C). White matter, in contrast, is composed primarily of 
myelinated axons and the supporting cells, oligodendroglia, that 
produce and maintain the myelin sheaths (Figure 11.6D). 
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Figure 11.6 Gray matter and white matter. A. Gray matter 
contains abundant neuropil surrounding large neurons and 
smaller astrocytes and oligodendroglia. B. Neuropil is the term 
used for the fine amorphous eosinophilic background matrix of 
the central nervous system that fills the space between the cell 
bodies of the various cellular constituents as seen on H&E stains. 
C. Ultrastructural examination shows the neuropil to be 
composed of myriad intimately intermingling processes of the 


cellular constituents. D. White matter, in contrast, is composed 
primarily of oligodendroglia and the axons that they mvyelinate, 
and it displays a much more uniform appearance. 
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Neurons 


Normal Microscopic Anatomy 


The prototypical neuron is exemplified by the large multipolar Betz 
cells of the motor cortex, the [+ motor neurons of the ventral horn 
of the spinal cord, and the Purkinje cells of the cerebellum. These 
neurons are characterized by large perikarya (cell bodies or somas) 
with abundant Nissl substance (rough endoplasmic reticulum), robust 
dendritic arborizations, and large nuclei with prominent single 
nucleoli (Figure 11.7A). Such large multipolar forms, however, 
represent only one type of neuron; the diapason of neuronal 
morphologies is remarkable. This is readily apparent by comparison 
of a motor neurons with granular cell neurons (Figure 11.7A, D). 
These two neuronal populations typify the classical dichotomous 
subdivision of CNS neurons into large extroverted projection neurons 
with long axons (Golgi type | neurons) and small introverts that 
function regionally with restricted connections (Golgi type Il 
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neurons). Between these two poles is a full spectrum of neuronal 
sizes and shapes, with an equally impressive variety of dendritic 
arbor configurations. The details of the latter are generally 
appreciable only with special stains for neuronal processes. The cell 
processes of neurons are separated into two categories: axons 
(Figure 11.7Aa€“C), of which each neuron only has one, and 
dendrites (Figure 11.7A), which are often multiple. 


Figure 11.7 Neurons. A. Classical neuronal features, as 
illustrated by a motor neuron from the ventral horn of the spinal 
cord, include a large cell body (soma, perikaryon) with abundant 
cytoplasmic Nissl substance (rough endoplasmic reticulum, the 
a€cetigroid substancea€* of early microscopists), cytoplasmic 
processes, and a large nucleus with a single prominent nucleolus. 
The large process extending to the right is clearly recognizable 
as a dendrite by its content of Nissl substance, whereas, in this 
fortuitous section, the smaller process extending to the left is 
identified as the neuron's axon by its lack of Nissl substance. B. 
Axons are further distinguished from dendrites by their 
nontapering profile. C. The nontapering profile of axons is easily 
recognized in white matter. The extremes of neuron size and 
shape are readily apparent from a comparison of a large motor 
neuron (A) with the small granular cell neurons of the cerebellar 
cortex (D) that are approximately the same size as a motor 
neuron's nucleolus! 


With respect to morphologic variants, one unique population of CNS 
neurons merits brief mention. The mesencephalic nucleus of the 
trigeminal nerve, which is concerned chiefly with the mediation of 
jaw proprioception, is composed of true primary (first order) sensory 
neurons that possess only a single process emanating from the cell 
body (Figure 11.8A). This nucleus constitutes the only 
intraparenchymal example of this class of neurons; all other primary 
sensory neuronal perikarya are gathered outside the CNS in the 
spinal and cranial nerve ganglia (Figure 11.8Ba€“D). 


Immunohistochemistry 


Antibodies have been raised against a wide variety of the many 
unique neuronal proteins that are being isolated and characterized at 
an ever-increasing rate. A majority of these markers are confined to 
use for research purposes but several have found utility in the 
diagnostic laboratory. One of the earliest such markers, neuron 
specific enolase (NSE), has proven notoriously unreliable as a marker 
of neuronal differentiation. Its use for this purpose in evaluating 
neoplasms of the central nervous system is not recommended. 
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Figure 11.8 Unipolar neurons. Another neuronal morphologic 
variant is the unipolar (pseudounipolar) neuron. These large 
neurons possess only a single cell process, an axon, but no 
dendrites. A. Unipolar neurons are primary sensory neurons, and 
the only example of this class of neuron within the central 
nervous system is the mesencephalic nucleus of the trigeminal 
nerve in the upper pons and midbrain lateral to the 
periaqueductal gray matter. B. All other unipolar neurons are 
located in the peripheral nervous system ganglia. The dorsal root 
ganglia of the spinal cord provide a good example, with large 
unipolar neurons surrounded by satellite cells (B). C. Ganglionic 
neurons typically display cytoplasmic pigment. D. Their cell 
bodies and axons are strongly positive for phosphorylated 
neurofilament proteins. 


Antibodies directed against epitopes on the constituent proteins of 


neurofilaments, which are major cytoskeletal elements of the 
neuronal perikaryon and cytoplasmic processes, have been used 
extensively in both experimental and clinical studies (Figure 11.9). 


One of the most useful and widely employed neuronal markers is 
synaptophysin. Synaptophysin is an integral membrane protein of 
synaptic vesicles. In the normal nervous system, antisynaptophysin 
antibodies yield a diffuse, finely granular pattern throughout the gray 
matter neuropil (Figure 11.10A). In addition, punctate granular 
decoration is seen along the cell bodies and proximal dendrites of 
several types of large, projection class neurons, including the 
Purkinje cells of the cerebellum, [+ motor neurons of the spinal cord, 
extraocular motor neurons of the brainstem, and Betz cells of the 
precentral gyrus (Figure 11.10B). 


Age-Related Neuronal Inclusions 


A variety of inclusions, largely intracytoplasmic, appear with 
increasing frequency as we age. By far, the most common is 
lipofuscin (lipochrome, or aging pigment), whose yellow-to-pale- 
brown color is unaltered by most histologic procedures, including the 
H&E method (Figure 11.11). Its autofluorescence and partial avidity 
for the acid-fast stain can be used to visualize differentially this 
a€cewear-and-teara€* pigment, although little functional significance 
is generally assigned to lipochrome accumulation in normal aging. In 
larger neurons, lipofuscin may accumulate to such an extent that it 
displaces organelles and creates an appearance similar to the cell 
swelling of central chromatolysis, described below (Figure 11.18). 
The lateral geniculate body provides an example of a densely 
populated nucleus whose constituent neuron's prominent 
accumulation of lipofuscin 
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is often discernible macroscopically as a distinctly mahogany hue 
compared to adjacent cortex. Interestingly, lipofuscin accumulation is 
not simply a function of cell size because some classes of large 


neurons appear comparatively immune to significant accrual (e.g., 
the cerebellar Purkinje cells). 
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Figure 11.9 Neurofilament proteins (NFPs). Antibodies directed 
against neurofilament protein epitopes illuminate the 
cytoskeleton of neurons and their processes. As illustrated in the 
cerebellar cortex, specific antibodies directed against either 
nonphosphorylated (A) or phosphorylated (B) NFPs differentially 
identify cell bodies and dendrites or axons, respectively. 


Functionally more significant neuronal inclusions that may be seen in 
asymptomatic individuals are those associated with Alzheimer's 
disease. They are neurofibrillary tangles, neuritic plaques, 
granulovacuolar degeneration, and Hirano bodies. These illustrate the 
often ill-defined distinction between health and disease, because 
these changes can be seen in the elderly, albeit in limited numbers, 
in the absence of antemortem disturbances of mentation. 


Figure 11.10 Synaptophysin is one of the most useful and 
widely employed markers of neuronal differentiation. A. The 
neuropil of gray matter, which is rich in synaptic contacts, shows 
a diffuse, finely granular pattern. B. Several specific types of 
large projection class neurons show prominent punctate 
decoration of the cell body and proximal dendrites, as illustrated 
here by a motor neuron in the hypoglossal nucleus of the 
medulla. Other groups of large neurons exhibiting this pattern of 
synaptophysin immunopositivity include Purkinje cells of the 
cerebellum, motor neurons of the ventral horn of the spinal cord, 
and Betz cells of the precentral gyrus in the cerebral cortex. 


In some cases, neurofibrillary tangles may be found in asymptomatic 
individuals in occasional neurons of the subiculum or CA. Although 
silver stains greatly aid visualization and quantitation, these 
structures may be identified on routinely stained H&E sections if the 
observer is familiar with their appearance. In pyramidal cells, they 
appear as a slightly basophilic wisp of faintly fibrillar material that 
extends out into cell processes, most notably the apical dendrite, and 
they are often more prominent on one side of the nucleus (flame- 
Shaped tangle; Figure 11.12A). This morphology reflects the fact that 
tangles generally conform to the shape of the cell body. For example, 


in the pigmented neurons of the locus ceruleus, which are multipolar 
and lack the dominant apical dendrite of pyramidal neurons, 
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tangles that are globular in shape are occasionally encountered as an 
incidental finding. 


Figure 11.11  Lipofuscin. A. Prominent accumulation of lipofuscin 
pigment in large neurons with increasing age, as seen for 
example in the lateral geniculate nucleus, can result in peripheral 
displacement of the nucleus and Nissi substance, mimicking 
central chromatolysis. B. As a practical application of normal 
neurohistology, the presence of lipofuscin can sometimes aid in 
the identification of neurons in intraoperative frozen sections. As 
illustrated here, a neuron, identified by its lipofuscin content, is 
surrounded by tumor cells, thereby supporting a diagnosis of 
infiltrating glioma. 


Figure 11.12 Neurofibrillary tangles and neuritic plaques. 
Neurofibrillary tangles (A) may be seen sporadically in the 
hippocampal formation of aging brains and have a fibrillary 
texture in H&E-stained sections. Mature senile (neuritic) plaques 
(B) deform the smooth texture of the neuropil and appear in 
H&E-stained sections as spherical, somewhat granular foci with a 
central eosinophilic core that is composed of amyloid. Note that 
adjacent myelinated axons are focally displaced as they pass by 
the plaque. In earlier stages, the plaques are less well defined 
and are not identifiable in H&E-stained sections. Although both 
neurofibrillary tangles and large mature neuritic plaques can be 
seen in H&E-stained sections, use of special techniques, such as 
silver stains (C), greatly facilitates visualization and quantitation. 


Figure 11.13 Granulovacuolar degeneration (of Simchowitz) (A) 
and Hirano bodies (B). Like neurofibrillary tangles, both of these 
intracytoplasmic inclusions can occasionally be seen in the 
hippocampal formation of normal older individuals. However, 
although these alterations are not pathognomonic for dementing 
illness, an appreciable number of affected cells should prompt a 
search for evidence of Alzheimer's disease in the form of a 
thorough examination for senile (neuritic) plaques and 
neurofibrillary tangles. 


The senile plaque is also a manifestation of cell injury, but one that, 
like slight atherosclerosis, is not an unexpected finding in the brains 
of asymptomatic adults. In such individuals, the plaque is usually 
seen in its primitive form as a somewhat ill-defined, roughly circular 
region of abnormal argyrophilic neurites that is not visualized in the 
H&E-stained section. As the plaques mature they become visible in 
the latter preparation, particularly when a central core of eosinophilic 
amyloid appears (Figure 11.12B). The latter can be more readily 
seen by Congo red or periodic acid-Schiff (PAS) staining. As noted 
earlier, both neurofibrillary tangles and neuritic plaques are more 
easily identified and quantitated with special techniques such as 
immunofluorescence or silver stains (Figure 11.12C). 


Two additional intraneuronal inclusions that are seen in Alzheimer's 
disease, but only rarely in nondemented individuals, are 
granulovacuolar degeneration (GVD) and Hirano bodies (Figure 
11.13). As the name implies, the inclusion of GVD consists of a dark, 
basophilic granule inside a small, clear vacuole. Clusters of these 
cytoplasmic inclusions may be present within a single neuron (Figure 
11.13A). Depending on the plane of section, Hirano bodies appear in 
H&E-stained sections as brightly eosinophilic oval, elliptical, or 
elongated rodlike refractile inclusions that are located either in very 
close apposition to a neuronal perikaryon (Figure 11.13B) or within 
the neuropil. Ultrastructural examination supports a localization in 
neuronal cell bodies and processes, and immunohistochemical studies 
reveal the presence of actin and actin-associated proteins. Unlike 
neurofibrillary tangles and neuritic plaques, both GVD and Hirano 
bodies exhibit a very limited neuroanatomic distribution and are, in 
fact, virtually confined to the hippocampal formation. Encountering 
more than one or two cells with these alterations should raise the 
issue of Alzheimer's disease and prompt a search for other attendant 
histologic features. 


A particularly striking cytoplasmic inclusion occasionally encountered 
in routine sections of the hypoglossal nuclei of the medulla (less 
often in the ventral horn motor nuclei of the spinal cord) is the hyalin 
(colloid) inclusion (Figure 11.14). These inclusions, which consist of 
ectatic cisternae of endoplasmic reticulum, are rarely seen in the 
first few decades of life but appear with increasing 
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frequency thereafter. They are occasionally mistaken by the 
uninformed for viral inclusions. 


Figure 11.14 Hyalin (colloid) inclusion: these eye-catching 
inclusions, aS seen in the neuron on the right, may be observed 
sporadically throughout the neuraxis but are most commonly 
encountered in the large motor neurons of the hypoglossal nuclei 
in the medulla (as in this micrograph). Less frequently, they may 
be seen in the motor neurons of the ventral horn of the spinal 
cord. Electron microscopic examination reveals ectatic cisternae 
of endoplasmic reticulum. 


Figure 11.15 Pigmented neurons of the brainstem. A. 
Neuromelanin is a coarse, dark brown cytoplasmic pigment that 
is formed as a byproduct of catecholamine synthesis and is 
frequently encountered microscopically in scattered 
catecholaminergic neurons distributed widely throughout the 
brainstem. Two large populations are visible grossly: the 
substantia nigra (black substance) of the midbrain and the locus 
ceruleus (blue spot) of the pons. B. Marinesco bodies are 
eosinophilic, spheroidal, paranucleolar bodies that are often 
observed in the nuclei of pigmented neurons, especially those of 
the substantia nigra. The number of Marinesco bodies increases 
with advancing age and can be quite striking in some individuals. 
They should not be mistaken for intranuclear viral inclusions. C. 
Clusters of minute intracytoplasmic eosinophilic granules, seen in 
this micrograph to the left of the nucleus, may occasionally catch 
the eye of an obsessive observer. They have no known pathologic 
Significance and are much smaller than Lewy bodies (D), which 


are the characteristic intracytoplasmic inclusions of Parkinson's 
disease. 


Catecholaminergic neurons throughout the brainstem gradually 
accumulate neuromelanin as a byproduct of neurotransmitter 
synthesis. The largest and most densely populated of these nuclei is 
the substantia nigra (black substance), which contains dopaminergic 
neurons. The locus ceruleus (blue spot), which is also seen by the 
unaided eye, is a collection of noradrenergic neurons in the rostral 
pontine tegmentum. It is of practical importance that the Lewy 
bodies of Parkinson's disease can be found in both of these 
neuroanatomic locales. Of the smaller and more diffusely distributed 
pigmented neurons, those in the vicinity of the dorsal motor nucleus 
of the vagus nerve in the medulla oblongata are most commonly 
encountered during routine histologic examination. Microscopically, 
neuromelanin appears as coarse, dark brown granules (Figure 
11.15A) and should not be confused with melanocytic melanin. The 
latter is also present in the central nervous system but is confined to 
leptomeningeal melanocytes as discussed below (see Figure 11.57). 


Several eosinophilic inclusions may be seen in pigmented brainstem 
neurons. The most striking of these are the commonly encountered 
Marinesco bodies (Figure 11.15B). These bright red, hyalin-appearing 
structures are located within the nucleus, often adjacent to and 
about the same size as a nucleolus (an alternative designation is 
paranucleolar body). Multiple Marinesco bodies may occur within a 
single nucleus, and, in some cases, a large percentage of pigmented 
neurons exhibit these eye-catching inclusions. In such cases, they 
may raise concern about a viral infection to the unaccustomed 
observer but are not 
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pathologic and have yet to be correlated with any significant process 
except advancing age. Two types of eosinophilic inclusions may be 
encountered in the cytoplasm of pigmented neurons. Clusters of 


diminutive acidophilic granules are occasionally noted (Figure 
11.15C) but have no pathologic significance. Lewy bodies, in 
contrast, are much larger, notably displace the cytoplasmic 
neuromelanin from which they are separated by a small clear halo, 
and are associated with Parkinson's disease (Figure 11.15D). 


Figure 11.16 Ischemic injury: the sine qua non of ischemic 
damage to the nervous system is the so-called red neuron. As 
illustrated here by a Purkinje cell of the cerebellum (A) and 
pyramidal neurons of the hippocampal CA1 region (B), the soma 
(cell body) is shrunken, the cytoplasm is intensely eosinophilic, 
and the nucleus is pyknotic with no discernible nucleolus. It is 
largely the pronounced eosinophilia that distinguishes this 
cellular alteration from autolytic neuronal condensation, in which 
the cytoplasm is dark and basophilic (Figure 11.17). 


Autolysis and Basic Neuronal Reactions to 
Injury 
As captured in their normal state by perfusion fixation or rapid 


immersion fixation, neurons are generally rotund with lightly 
eosinophilic cytoplasm that is stippled with basophilic Nissl substance 


in the case of the larger neurons. The surrounding glia are 
inconspicuous, and few clear vacuoles are seen. This perfection in 
fixation is rarely achieved in human material, however; and, in 
virtually all autopsy and surgical specimens, autolysis alters this 
ideal appearance to a greater or lesser extent. Neurons are, thereby, 
rendered somewhat contracted and basophilic. Nuclei are also 
somewhat condensed. Simultaneously, the processes of glia that 
Surround neurons and blood vessels imbibe water to produce clear 
vacuoles (Figure 11.29). The neuronal response to injury overlaps in 
some cases with these autolytic changes, and it may not be possible 
to distinguish agonal hypotensive injury from autolysis in autopsy 
specimens. In the former setting, the neuronal contraction is 
pronounced, and the perineuronal and perivascular spaces are 
exceptionally prominent. 


There are, however, three neuronal changes that provide unequivocal 
evidence of antemortem injury. One is the a€cereda€* neuron, which 
is the sine qua non of ischemic damage. The second is central 
chromatolysis, and the third is ferruginization. The red neuron is 
characterized by a shrunken cell body and intense cytoplasmic 
eosinophilia with complete loss of Nissl basophilia (Figure 11.16). 
The nucleus is dark and usually lacks a distinguishable nucleolus but 
may be pale and demonstrate early karyolysis. At times, it has a 
somewhat fragmented look suggesting karyorrhexis, although clearly 
defined karyorrhexis is rare. In surgical specimens, tissue-handling 
artifact (a€oecrusha€* artifact) also results in dark, shrunken 
neuronal perikarya; however, as with autolytic autopsy specimens, 
these cells lack the distinctive cytoplasmic eosinophilia of ischemia 
(Figure 11.17). 


Central chromatolysis, the second unequivocally abnormal finding, 
consists of a loss of central basophilic staining of the cell body with 
peripheral margination of the Nissl substance (Figure 11.18). It is 
seen in a number of pathologic 
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states (the ballooned anterior horn cells of poliomyelitis being the 


classical example). There are numerous mimickers that lie in wait for 
the unwary. For example, some normal neuronal populations, such as 
the supraoptic and paraventricular nuclei of the hypothalamus and 
the dorsal nucleus of Clarke of the thoracic spinal cord, display Nissl 
substance that is preferentially distributed peripherally in the soma. 
Other neurons, such as those of the mesencephalic nucleus of the 
trigeminal nerve discussed previously (Figure 11.8), have large, 
exquisitely rounded somas and, hence, mimic that aspect of 
chromatolysis. The giant pyramidal cells of Betz in the motor cortex 
are so large in comparison to surrounding neurons, that at low 
magnification they may give an initial impression of chromatolytic 
swelling. Finally, as discussed earlier, one must be careful not to 
mistake the accumulation of various substances that displace the 
Nissl substance peripherally, such as lipofuscin, for central 
chromatolysis (Figure 11.11). 


Figure 11.17 Neuronal contraction as a tissue-handling artifact. 
In contrast to ischemic insult (Figure 11.16), in da€oecrusha€e 
artifacts the cytoplasm is dark and basophilic rather than brightly 
eosinophilic. 


Figure 11.18 Central chromatolysis. Cytoplasmic hyalinization 
and swelling with peripheral displacement of the nucleus and 
lipofuscin can be a response to either intrinsic neuronal disease 
(such as in poliomyelitis or other viral infections) or to 
interruption of the axon in close proximity to the cell body. In 
the latter setting, the term axonal reaction is applied. 


A striking finding sometimes encountered near old infarcts is the 
presence of ferruginized or fossilized neurons, in which both 
perikarya and axons are encrusted by blue-staining minerals (Figure 
11.19). This arresting phenomenon is not limited to the vicinal tissue 
of old infarcts, although this is the most common context, nor is it 
confined to the adult nervous system, because prenatal insults may 
result in similar findings. Clusters of axons thus affected can be 
mistaken for fungal hyphae (Figure 11.20). 


A common reaction of axons to injury seen in a wide variety of 

pathologic states is the formation of localized dilatations known as 
axonal spheroids or axon a€oeretraction ballsa€* (Figure 11.21A). 
Ultrastructural examination shows greatly distended axis cylinders 


filled with bundles of neurofilaments and cellular organelles. A 
regional variant of this process may be observed in the granular cell 
layer of the cerebellum where focal dilatations of Purkinje cell axons 
are termed torpedoes. These structures are seen in a number of 
cerebellar degenerative diseases, as well as in normal aging. The 
most common site in the central nervous system where scattered 
axonal spheroids are routinely encountered as an incidental finding in 
aged individuals is in the rostral fasciculus gracilis of the medulla 
(Figure 11.21B). Spheroids in this location are often mineralized. 


Figure 11.19 Mineralized (ferruginized) neurons. These 
encrusted relics resembling petrified tree trunks are most 
commonly encountered around the margins of old infarcts. 


Astrocytes 


Normal Microscopic Anatomy 


Like neurons, astrocytes are also heterogeneous. The cells of one 


class conform to the classic star shape and occur as either the 
fibrillary or protoplasmic form. Fibrillary astrocytes populate the 
white matter, whereas the latter inhabit the gray matter. Other 
important subtypes of astrocytes include the Bergmann astrocytes, 
which are distributed in a narrow lamina between the cell bodies of 
Purkinje neurons in the cerebellar cortex, and the a€cepilocytica€s 
astrocytes of the periventricular region, cerebellum, and spinal cord 
(Figure 11.22). 


Figure 11.20 Mineralized axons. Clusters of mineralized axons 
have a superficial resemblance to fungal hyphae. 
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Figure 11.21 Axonal spheroids. A. Focal dilatations known as 
spheroids are a common axonal reaction to injury that are seen 
in a wide array of pathologic conditions, including radiation 
damage and posttraumatic diffuse axonal injury. B. Axonal 
spheroids are also frequently encountered incidentally in older 
individuals in the dorsal medulla oblongata (rostral fasciculus 
gracilis near the nucleus gracilis), where, as in this example, 
they are often mineralized. 


Figure 11.22 Bergmann glia. These astrocytes illustrate the fact 
that specialization is not confined to neurons. Bergmann 
astrocytes have cell bodies distributed in a narrow lamina of the 
cerebellar cortex coextensive with that of the Purkinje cells. Each 
cell sends an elongated process through the molecular layer to 
the subpial surface. A. and B. These processes are not usually 
well seen in healthy cerebellum with routine H&E staining (Figure 
11.3A) but can be exquisitely visualized with 
immunohistochemistry for glial fibrillary acidic protein (GFAP). C. 
and D. An equally striking unmasking of this elegant architecture 
is often seen without the use of specialized staining techniques in 
areas of cerebellar cortex adjacent to healed infarcts, in which 
the degree of ischemia was sufficient to kill the indigenous 
neuronal populations but spared the more resistant Bergmann 
glia. Like other astrocytes throughout the central nervous 
system, Bergmann glia respond to ischemic insult by 

proliferating, resulting in an increased thickness of the cell body 


lamina referred to as Bergmann gliosis (D). 
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In gray matter, nuclei of protoplasmic astrocytes cannot generally be 
distinguished from those of small neurons because the cytoplasm of 
both blends imperceptibly into the surrounding neuropil and is not 
normally discernible as a discrete entity. In white matter, it is 
usually difficult in H&E-stained sections to distinguish fibrillary 
astrocytes from the much more numerous oligodendroglia. The nuclei 
of oligodendrocytes are smaller and more hyperchromatic, but 
usually these two cell types do not fall into two clearly defined 
groups. In sections stained for myelin, a very small amount of 
eosinophilic cytoplasm may occasionally, but not invariably, be seen 
Surrounding normal astrocytic nuclei. This helps distinguish this cell 
from the oligodendrocyte whose cytoplasm, other than the myelin 
Sheath, is not usually apparent by conventional light microscopy 
(Figure 11.32). Astrocytic cytoplasm becomes much more prominent 
when astrocytes respond to CNS injury, culminating in the abundant 
glassy cytoplasm of the gemistocyte (Figure 11.24). 


To appreciate the distinctive morphology of the star cell, one must 
visualize its radiating processes. These threadlike extensions reach 
out to define a sphere of influence that is many times greater in 
extent than one would have suspected by looking at an H&E-stained 
section alone. Historically, this tinctorial feat was achieved through 
the technically capricious metallic impregnations but now is 
accomplished with ease and predictability by the 
immunohistochemical localization of glial fibrillary acidic protein 
(GFAP) (Figure 11.24). In the case of the fibrillary astrocyte, 
processes branch infrequently, whereas those of the protoplasmic 
astrocyte are more numerous and divide more frequently. They are 
often less well stained with GFAP than the fibrillary types. Neither 
type of resting astrocyte is aS apparent immunohistochemically as 
are reactive astrocytes. 


The polar forms of astrocytes include the pilocytic and Bergmann 
types. The pilocytic astrocyte is not conspicuous in its native state 
but becomes so when responding as gliosis and forming Rosenthal 
fibers. The latter are hyaline, often corkscrew-shaped, eosinophilic 
structures that are wedged within one of the cell's bipolar processes 
(Figure 11.25). These structures are occasionally seen in normal 
brains in the hypothalamus or pineal gland but become much more 
prominent in gliosis about such lesions as craniopharyngiomas, pineal 
cysts, cerebellar hemangioblastomas, and chronic lesions of the 
spinal cord. 


The Bergmann astrocytes are confined to a one-to-two-cell thick 
lamina. Their polar processes extend to the pial surface of the 
cerebellum and are only faintly seen with difficulty in standard 
sections. Yet, they are well visualized with immunohistochemistry for 
GFAP and at the margins of old cerebellar infarcts (Figure 11.22). 
The Bergmann glia provide an excellent illustration of astrocytic 
specialization. Their processes are a form of scaffold and serve as a 
reminder of the cooperative interplay between astrocytes and 
neurons during embryological development. At that time, the small 
neurons of the external granular cell layer spiral down the Bergmann 
processes to reach their final destination in the internal granular cell 
layer. 


Age-Related Inclusions’ in Astrocytes: 
Corpora Amylacea 


The ubiquitous corpora amylacea are, by far, the most salient 
astrocytic inclusions encountered in routine sections. These faintly 
laminated, slightly basophilic polyglucosan bodies accumulate with 
age and are observed in greatest numbers where astrocytic foot 
processes are most numerous, particularly around blood vessels and 
beneath the pia (Figure 11.23). The olfactory tracts of adults are also 
typically rich in corpora amylacea (Figure 11.45). 


The similarity between corpora amylacea and fungal yeast forms such 


as cryptococcus is a source of potential diagnostic error since both 
are strongly positive for methenamine silver, Alcian blue, and PAS 
(Figure 11.23). 


In some individuals, corpora amylacea are strikingly numerous 
although no pathologic significance has yet been attributed to this 
abundance. 


Astrocytic Reactions to Injury 


Although normally among the most morphologically demure of 
nervous system constituents (only naked nuclei are typically visible 
on routine H&E histology), astrocytes respond rapidly and 
dramatically to CNS injury. This response typically consists of two 
components: hypertrophy and hyperplasia. The initial hypertrophic 
response, an increase in cell size and cytoplasmic prominence, occurs 
rapidly following CNS insult. Conspicuous cytoplasm is generally 
indicative of reactive gliosis and constitutes prima facie evidence of 
CNS injury. Reactive astrocytes display a broad range of cytoplasmic 
quantity, from just barely perceptible to robustly embonpoint (Figure 
11.24). The latter cells are known as gemistocytes (literally stuffed 
cells). Gliosis may, of course, also present as an increase in the 
number and density of astrocytic nuclei (hyperplasia) without 
attendant cytoplasmic prominence. This chronic type of gliosis is 
frequently subtle and often requires special stains for confirmation 
and quantitation. 


The end result of acute reactive astrogliosis, such as that 
accompanying cerebral infarction, is frequently a dense fibrillary 
gliosis (Figure 11.24D). The often-invoked analogy of the astrocyte 
as the a€cefibroblast of the CNSda€* (i.e., a ubiquitously distributed 
cell with mitotic capability that responds with alacrity to a wide range 
of deleterious stimuli) is quite apt. 


A distinctive cytoplasmic inclusion seen in fibrillary astrogliosis is the 
Rosenthal fiber (Figure 11.25). These strikingly eosinophilic, 
elongated, anfractuous structures are observed in a wide variety of 


reactive states that share in common significant chronicity. Rosenthal 
fibers are also characteristic of several specific nosologic entities, 
including 
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Alexander's disease and, perhaps most widely known, pilocytic 
astrocytoma. It should be stressed, however, that Rosenthal fibers 
may be strikingly abundant in the chronically compressed glial 
stroma surrounding a large number of nonneoplastic conditions (such 
as syringomyelia) and slowly expanding nonglial tumors (such as 
craniopharyngioma). 


Figure 11.23 Corpora amylacea. These basophilic, lamellated 
polyglucosan bodies accumulate in astrocytic processes with age, 
most prominently in subpial (A) and perivascular (B) locations. 


Corpora amylacea can resemble fungal yeast forms and show 
strong positivity for fungal stains such as PAS-fungus (C) and 
Gomori's methenamine silver (GMS) (D). 


Figure 11.24 Reactive astrocytosis. The plainly visible cytoplasm 
and processes of the astrocytes (A) is proof of an insult to the 
nervous system. Under normal conditions, only bare nuclei are 
usually seen. The extensive, radiating cytoplasmic processes for 
which the astrocyte received its name are most readily 
appreciated when reactive astrocytes are immunostained for 
GFAP (B). Reactive astrocytes have been descriptively classified 
according to the amount and configuration of visible cytoplasm, 
and include the aptly named gemistocytic a€oeladena€* or 
a€oestuffeda€* cell (C), and pilocytic a€cehair cella€* (D) types. 
Reactive gemistocytes are typical of the acute astrocytic reaction 


to CNS damage whereas dense fibrillary gliosis is commonly seen 
in longstanding lesions such as healed infarcts. 


Figure 11.25 Rosenthal fibers. Chronic reactive fibrillary 
astrogliosis is often accompanied by Rosenthal fiber formation 
(A). Rosenthal fibers are brightly eosinophilic, lumpy, elongated 
structures (B) that, by ultrastructural examination, appear as 
electron-dense amorphous masses surrounded by and merging 
with dense bundles of glial filaments (C). Occasionally, the two 
most common intracytoplasmic inclusions of astrocytes (corpora 
amylacea and Rosenthal fibers) may coexist in the same 
astrocytic process (D). 


Figure 11.26 Granular mitoses (A) and Creutzfeldt astrocytes 
(B) in demyelinating diseases. These distinctive reactive 
astrocytes occur in a variety of pathologic conditions but are 
particularly characteristic of demyelinating diseases. 


There are several specialized forms of reactive astrogliosis that 
deserve brief description. Reactive astrocytes with multiple small, 
variably sized, nuclei (micronuclei), termed Creutzfeldt astrocytes, 
may be seen in a number of reactive states but are especially typical 
of demyelinative processes (Figure 11.26). A specific type of 
astrocytic reaction to injury is seen in a variety of hepatic diseases 
that produce hyperammonemia. The reaction consists of nuclear 
changes exclusively: swelling with contortion of the nuclear 
membrane, chromatin clearing, and development of one or two 
prominent nucleoli (Figure 11.27). In sharp contrast to all of the 


other types of reactive astrocytes, these Alzheimer type II astrocytes 
fail to exhibit prominent (or even subtle!) cytoplasm by routine H&E 
microscopy. Alzheimer type II astrocytes may be seen throughout 


the neuraxis but are particularly prominent in certain locations, most 
notably the globus pallidus. Alzheimer type | astrocytes differ from 
type Il astrocytes in displaying abundant eosinophilic cytoplasm 
(Figure 11.27) and are only seen with frequency in 
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Wilson's disease (hepatolenticular degeneration). As the eponyms 
imply, both types of reactive astrocytic morphologies were described 
by Alois Alzheimer and have no relationship to the dementing disease 
of the same ilk. 


Figure 11.27 Alzheimer astrocytes in hyperammonemia. Two 
types of reactive astrocytic morphologies, termed Alzheimer type 
II and Alzheimer type | astrocytes, are associated with 
hyperammonemic conditions. They were described by Alois 
Alzheimer and bear his name but have nothing to do with the 
dementing disease that was also a subject of the famous 
neurologist's investigations. By far, the most frequently 
encountered are Alzheimer type II astrocytes (A). Typical 
features include an enlarged pale nucleus with an irregular 
contour and one or more small nucleoli. In marked contrast to 
other types of reactive astrocytes, visible cytoplasm is lacking. 
Alzheimer type II astrocytes are commonly seen in a wide variety 
of diseases that result in increased blood ammonia. In contrast, 
Alzheimer type | astrocytes (B) have large, irregularly lobulated 
or multiple nuclei and clearly discernible eosinophilic cytoplasm. 
These cells are not seen in most hyperammonemic diseases, with 
the exception of hepatolenticular degeneration (Wilson's 


disease). 


Figure 11.28 Bizarre reactive astrocytes of progressive 
multifocal leukoencephalopathy (PML). Atypical-appearing 
reactive astrocytes are sometimes the most striking finding in a 
PML biopsy and can be mistaken for neoplasia by the unprepared. 


Among astrocytic reactions to injury, none is more striking than that 
observed in some cases of progressive multifocal 
leukoencephalopathy (PML). Not infrequently, the most eye-catching 
aspect of a PML biopsy is an alarming nuclear hyperchromatism and 
pleomorphism exhibited by scattered astrocytesa€”a vignette that 
has on more than one occasion elicited a mental frisson from even 
the most experienced observer (Figure 11.28). 


Figure 11.29 Perivascular astrocytic foot process swelling in 
autolysis. A. This common artifact of routine tissue processing is 
observed by light microscopy as apparent perivascular clearing of 
the neuropil. B. As seen by electron microscopy, the clearing is 
due to dilated astrocyte foot processes. 


Perivascular clearing is a routinely observed artifact of autolysis 
(Figure 11.29). By electron microscopy, these clear spaces are 
revealed to be greatly dilated astrocytic perivascular foot processes. 
This phenomenon of water imbibition by astrocytes is seen both as 
an autolytic change in virtually all autopsy specimens and, when 
extreme, aS a marker of antemortem hypoxic/ischemic injury. 


Oligodendroglia 


The oligodendroglia (a€cefew brancha€* glia) are small cells that are 
active in the formation and maintenance of myelin and in the, as yet, 
poorly understood capacity of attending to neuronal cell bodies 


(satellitosis). In white matter, the oligodendrocytes' obligatory 
orientation to fiber pathways is occasionally made apparent by a 
fortuitous plane of section wherein the fascicular distribution of these 
cells is seen (Figure 11.30). In gray matter, oligodendrocytes are 
encountered as two to three small, dark nuclei that are pressed 
against the cell membrane of larger neurons (Figure 11.31). In 
surgical specimens obtained from infiltrating gliomas, these normal 
satellite oligodendroglia must be distinguished from infiltrating 
neoplastic cells that, like their nontransformed counterparts, are 
attracted to the immediate perineuronal region. Both astrocytomas 
and oligodendrogliomas 
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may exhibit such satellitosis, but it is most prominent in the latter 
neoplasm. Generally, the nuclei of the neoplastic satellites are 
larger, more pleomorphic, and more coarsely constructed than the 
normal orbiting cortical oligodendrocytes. 


Figure 11.30 Oligodendroglia. As seen here in a white matter 
tract (the corpus callosum) cut in longitudinal section, these glia 
may be identified, even at low power, as rows of nuclei that 
queue up between fascicles of myelinated axons. 


Figure 11.31 Perineuronal satellitosis. A. Normal perineuronal 
glia consist primarily of oligodendroglial satellite cells, together 
with occasional astrocytes and microglia. B. This affinity of 
normal oligodendroglia for neuronal perikarya is often retained 
by their neoplastic counterparts, oligodendrogliomas, in the form 
of neoplastic satellitosis. C. Nonneoplastic oligodendroglial 
hyperplasia can also be seen, as for example in some cases of 
longstanding epilepsy. 


Identification of normal oligodendroglia in both gray and white 
matter is greatly facilitated by these cells' perinuclear halo (the so- 
called fried egg appearance), which results from swelling and 
vacuolation of the cytoplasm (Figure 11.32A). This is analogous to 


the perivascular swelling and vacuolation of astrocytic foot 
processes. In oligodendroglial neoplasms (oligodendrogliomas), the 
perinuclear halo is a well-known, distinctive, and diagnostically 
useful feature (Figure 11.32B). Oligodendroglia and their neoplastic 
counterparts exhibit strong immunopositivity for S-100 protein 
(Figure 11.32C). 


Ependyma 


This cuboidal-to-columnar epithelium provides a lining for the CNS 
ventricular system (Figure 11.33) and specializes focally as a 
covering for the choroid plexus (Figure 11.47). The ciliated nature of 
the ependyma is readily appreciable in the child but is generally less 
so thereafter. Tanycytes (literally, stretched cells) are specialized 
constituents of the ependyma, the elongated abluminal processes of 
which reach the subependymal vasculature. Thus, these cells provide 
a physical link between the ventricular, vascular, and 
intraparenchymal compartments of the CNS. Tanycytes are 
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most numerous in the modified ependyma covering many of the 
circumventricular organs (discussed below). Visualization of these 
cells is best effected through use of the Golgi's stain. 


Figure 11.32 Oligodendroglia. In many specimens, 
oligodendroglia exhibit characteristic perinuclear halos (A). This 
a€cefried egga€* appearance is an artifact of hypoxia/ischemia 
and delayed fixation and is a useful diagnostic feature that is 
also exhibited by oligodendrogliomas (B). Oligodendroglia, both 
normal and neoplastic, typically show strong nuclear 
immunopositivity for S-100 protein (C). 


Figure 11.33 Ependyma and the subependymal plate. The lining 
of the ventricular system varies from a robust ciliated-columnar 
epithelium (A) to nearly squamous flattened cuboidal (B). The 
relative abundance of cilia and the height of the ependyma vary 
with anatomic location, and both decrease with age. The 
hypocellular fibrillary zone located immediately subjacent to the 
ependyma is known as the subependymal plate and contains 
scattered glia as single cells and in small clusters (Figure 
11.36B). Glia of the subependymal plate respond to ependymal 
injury with a proliferative response termed granular ependymitis 
(Figure 11.36A). Subependymomas originate from the glia of the 
ependyma and subependymal plate. 


Figure 11.34 Ependymal rosettes. Clusters of ependymal 
rosettes may be found subjacent to the ependymal lining of the 
ventricular system throughout the neuraxis. They are particularly 
common in areas where opposed ventricular surfaces fuse during 
development, such as at the tips of the lateral ventriculur horns, 
especially the occipital horns (as illustrated here), and at the 
lateral angles of the fourth ventricle. These normal rosette 
clusters are occasionally sampled in surgical specimens and 
Should not be misinterpreted as evidence of disease. 


The closely apposed ependymal surfaces of the tips of the lateral 
ventriculur horns frequently fuse during development, resulting in 
cords of ependymal cell nests and rosettes. This is especially typical 
of the distal portions of the posterior horns in the occipital lobes 
(Figure 11.34). The white matter in such areas appears pale and can 
simulate the rarefaction seen after ischemic insult. Detached 
ependymal rosettes may be encountered subjacent to the ventricular 
lining at any location throughout the neuraxis. 


Figure 11.35 Central canal of the spinal cord. A. In the child, 
the central canal is widely patent and exhibits the ciliated 
columnar ependymal lining expected in a young individual. B. In 
contrast, the central canal of adults is typically obliterated over 
much of its length, with only residual small nests and occasional 
rosettes of ependymal cells. 


The ependyma-lined central canal of the spinal cord is patent in the 
child (Figure 11.35) but generally becomes obliterated about the 
time of puberty unless obstructive hydrocephalus is present. In the 
latter case, the canal may remain patent and even become dilated 
(hydromyelia). In the normal adult, however, the spinal ependymal 
cells have completed their role as a generative epithelium and 
remain as scattered clumps and rosettes (Figure 11.35). Occasional 
sections of adult spinal cord may exhibit a focally patent central 
Canal. 


The primary ependymal response to injury is loss. The resultant focal 
denudation of the ventricular wall is often accompanied by a 
proliferation of local cells, the subependymal glia. This nonspecific 
reaction, termed granular ependymitis (Figure 11.36A), is the 
potential product of a broad range of disparate etiologies, from viral 
infection to hydrocephalus. It is seen frequently at autopsy as a very 


focal, limited response and has, in this setting, little diagnostic 
significance. The normal ependyma is commonly thrown into folds, 
termed plicae, in many parts of the ventricular system (Figure 
11.36B). These normal undulations should not be confused with 
granular ependymitis. 


Microglia and the 
Monocytea€”Macrophage System 


Normal Microscopic Anatomy 


The small, dark, elongated nuclei of microglia are ubiquitous in the 
normal brain. They are so small and inconspicuous 
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in H&E-stained sections, however, that they are rarely noticed 
(Figure 11.37A). They must be distinguished from the commonly 
encountered tangential oren face sections of endothelial cells, which 
possess similarly elongated, albeit somewhat larger and plumper, 
nuclei. Special staining techniques such as the classic silver 
carbonate method, the more predictable lectin histochemistry (Figure 
11.37B), and immunohistochemical markers such as HAM-56 uncloak 
the dendritic processes of microglia and permit unambiguous 
visualization. By these techniques, microglia are seen to be strikingly 
pervasive throughout the CNS parenchyma. 


Figure 11.36 Granular ependymitis. A. The combination of focal 
denudation of the ependyma, coupled with an exophytic fusiform 
proliferation of the subependymal glia constitutes granular 
ependymitis. Despite the implication of an inflammatory etiology 
inherent in the name, this common alteration can result from 
many diverse insults, ranging from hydrocephalus to viral 
infections. B. Normal undulations of the ependyma, termed 
plicae, should not be confused with granular ependymitis. 


Figure 11.37 Microglia. A. These normally inconspicuous 
residents of the CNS parenchyma are identifiable by their 


classical rod-shaped nuclei on routine H&E staining. B. Dendritic 
processes, often bipolar, are vividly demonstrated by lectin 
staining. 


Response to Injury 


In contrast to the relative passivity and anonymity of microglia in 
healthy nervous tissue, their activity is by no means subtle when 
called to action by parenchymal injury. Two variants are seen: 
microglial nodules and diffuse microgliosis. Microglial nodules (also 
called microglial stars) are frequent concomitants of viral or 
rickettsial infection, and they are generally acknowledged to consist 
of both astrocytes and microglia (Figure 11.38A). The microglia have 
an elongated shape and are known as rod cells. A form of glial 
nodule is also seen about degenerating neurons, as in amyotrophic 
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lateral sclerosis. Diffuse microgliosis is equally distinctive. In this 
context, the rod-shaped nuclei of microglia may be present in such 
numbers as to be easily identified (Figure 11.38B); however, the full 
extent of microgliosis is often best appreciated through 
immunohistochemistry for markers such as CD68 or HAM-56 (Figure 
11:38). 


Figure 11.38 Microglia. Reactive microglia may assume several 
forms. Microglial nodules (A) are focal hypercellular collections of 
microglia together with reactive astrocytes that commonly form 
as a response to viral and rickettsial infections. In diffuse 
microgliosis (B), seen in a variety of conditions, including 
ischemia, the characteristic elongated rod-shaped nuclei can be 
identified on H&E-stained sections; however, the true extent of 
their presence is more accurately visualized through 
immunohistochemistry, as seen here with HAM-56 (C). 


Destruction of nervous tissue, by whatever mechanism, generally 
elicits a macrophage response that serves to clear nonviable debris 
(Figure 11.39A). Both the activation of autochthonous tissue 
microglia and the diapedesis of blood monocytes are sources for 
these scavengers. The weight of evidence suggests that the 


recruitment of blood monocytes plays a predominant role in large 
lesions such as infarcts but that the supply of indigenous cells is 
sufficient for lesser insults. 


Macrophages are proliferative cells (Figure 11.39A, B). Mitotic figures 
will, therefore, usually be present in disease processes that elicit a 
macrophage response, such as infarction and demyelination. They 
should not be interpreted as suggestive of a neoplastic process. 
Macrophages often contribute substantially to the cellularity of tissue 
samples and, depending on preservation and fixation conditions, 
their identity may not always be obvious. For example, in some 
specimens, clearing of the macrophage cytoplasm lends an 
appearance similar to that of oligodendroglial cells, to the extent 
that, together with the attendant hypercellularity, an_ infiltrating 
glioma might be suspected. In such instances a number of 
antibodies, such as CD68 or HAM-56, can be used to identify the 
macrophage component (Figure 11.39C, D). 


Figure 11.39 Macrophages. Discrete cell boundaries and 
vesicular cytoplasm serve to distinguish macrophages from other 
cellular constituents of the nervous system (A). Cognoscenti will 
be familiar with the colorful appellations given these cells in 
former times, including gitter cells (lattice cells) and compound 
granular corpuscles. Macrophages are mitotically active cells, and 
populations responding to CNS injury are readily labeled with 
proliferation markers such as the monoclonal antibody MIB-1 (B). 
Mitotic figures are, thus, to be expected in tissue samples from a 
wide range of nonneoplastic conditions that elicit a macrophage 
response, including infarcts and demyelinative diseases. In 
hypercellular biopsies (C), macrophages can be distinguished 
from other cellular constituents by a number of commercially 
available antibodies such as HAM-56 (D). 
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Specialized Organs of the Central 
Nervous System 


Pineal Gland 


The pineal body (epiphysis, or conarium) presents a singular 
histologic appearance among CNS tissues with a prominently 
lobulated architecture (Figures 11.40,11.41). This glandular 
appearance might be mistaken for carcinoma by the unwary, and it 
can be difficult to distinguish the normal pineal gland from a well- 
differentiated pineocytoma in small surgical specimens. 


Generally present in the pineal gland after puberty are corpora 
arenacea (acervuli cerebri, or brain sand). These mineralized 
concretions accrue with age and confer the radiologic hyperdensity 
that, before the era of computerized tomography and magnetic 


resonance imaging, made the normal midline position of the pineal 
gland a useful radiologic landmark (Figure 11.40). 


The increase in corpora arenacea with senescence is accompanied by 
gradual gliosis and cystic change, with attendant effacement of the 
lush glandular appearance of the pineal gland seen in the earlier 
decades of life. The ubiquitous incidental pineal cysts typically have 
densely gliotic walls with scattered Rosenthal fiber formation (Figure 
11.41C). The investing leptomeninges of the pineal contain arachnoid 
cell nests that occasionally give rise to meningiomas of the pineal 
region (Figure 11.41D). 


Pineocytes express strong immunopositivity for the neuronal marker 
synaptophysin (Figure 11.42A). This useful phenotypic marker is 
retained by most pineal parenchymal neoplasms. In addition to 
pineocytes, the pineal gland also 
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contains an indigenous population of astrocytes whose distribution is 
revealed by immunostaining for GFAP (Figure 11.42B). 


Figure 11.40 Pineal gland (epiphysis). A. Whole mount of a 
cross section of the pineal gland and its environs in situ reveals 
the typical mineralized concretions variously referred to as 
corpora arenacea (sand bodies), acervuli cerebri (little heaps), or 
simply brain sand. Superior to the pineal gland are the paired 
internal cerebral veins, and between them is the suprapineal 
recess of the third ventricle, which is lined with ependyma and 
often contains a tuft of choroid plexus. The loose connective 
tissue (redundant leptomeninges), in which all of these 
structures are located, is called the velum interpositum. B. The 
calcification of the pineal gland increases with age and was, 
thereby, quite useful as a radiographic midline marker prior to 
the advent of contemporary high resolution neuroimaging 
modalities. Also seen in this CT scan of a normal adult brain are 
prominently calcified tufts of choroid plexus (glomera choroidea; 
also Figure 11.47) in the atria of both lateral ventricles. 


Median Eminence and Infundibulum 


The median eminence, infundibulum, and neurohypophysis display a 
unique constellation of morphologic features that reflect their 
specialized neuroendocrine functions. The background stroma is 
highly spindled (Figure 11.43A) and contains nodular microvascular 
tangles termed gomitoli (Figure 11.43B), spherical granular bodies 
called Herring bodies (Figure 11.43C; Table 11.1), which are storage 
sites for oxytocin and vasopressin, and scattered cells bearing 
lipofuscin-like brown pigment (Figure 11.43D). The constellation of 
features comprising a highly spindled background, vascular tangles, 
and granular bodies gives this region of the CNS more than a passing 
resemblance to pilocytic astrocytoma. An additional incidental 
finding, particularly in tissue sections of the infundibulum, is the 
presence of small clusters of granular cells, termed granular cell 
tumorlets (Figure 11.436). 


Olfactory Bulbs and Tracts 


The intracranial components of the olfactory apparatus (the olfactory 
bulbs and tracts) have a very distinctive histologic appearance. 
Familiarity with these structures is useful, not only for the 
neuropathologist, but also for the general surgical pathologist who 
may encounter them in resections performed as part of the surgical 
treatment for regionally invasive entities of the nasal and paranasal 
sinuses. In such situations, the surgical pathologist may be called 
upon to render an intraoperative frozen-section assessment of tissue 
resected superior to the cribriform plate. The ability to recognize the 
normal histologic features of olfactory bulb tissue is, thus, of more 
than pedantic importance. 
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Figure 11.41 Pineal histology. The pineal gland has a richly 


glandular architecture that is totally unlike any other region of 
the central nervous system. Salient features include a prominent 
lobular organization with connective tissue septa (A) and 
pineocytic rosettes (B). The latter impart a distinctly 
neuroendocrine character. Two additional histologic features of 
note are the ubiquitous incidental pineal cysts, whose walls (C) 
typically exhibit astrogliosis with scattered Rosenthal fibers, and 
arachnoid cell nests of the investing velum interpositum (D) that 
occasionally provide a source for meningiomas arising in this 
region. 


Figure 11.42 Pineal immunohistochemistry. A. Pineocytes (and 
their neoplastic progeny, the pineal parenchymal tumors) are 
strongly immunopositive for the neuronal marker 
synaptophysin.B. As expected, the indigenous population of 
pineal astrocytes are well visualized with antibodies directed 
against GFAP. 
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Figure 11.43 Median eminence, infundibulum, and 
neurohypophysis. This unique region of the CNS exhibits three 
distinguishing histologic features: A. a highly spindled stroma 
comprised of pituicytes; B. prominent capillary tangles of the 
hypothalamohypophyseal portal system called gomitoli; C. and 
spherical, eosinophilic axonal specializations for the storage of 
oxytocin and vasopressin called Herring bodies. This constellation 
of highly spindled stroma, vascular tangles, and granular bodies 


bears a resemblance to pilocytic astrocytoma. D. The presence of 
lipofuscin-like pigment is also very characteristic. E. Small 
clusters of granular cells (granular cell tumorlet) may be seen, 
particularly in the infundibulum, as an incidental finding but 
occasionally reach a sufficient size to produce compression of the 
infundibulum and subsequent clinical presentation with mildly 
elevated serum prolactin (stalk effect). 
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Table 11.1 Granular Bodies in the CNS: Three Etiologic 


Classes 
Normal 
Herring bodies of the neurohypophysis 
Reactive 


Granular bodies adjacent to vascular malformations and 
conditions with iron deposition 
Neoplastic 

Pilocytic astrocytoma 

Pleomorphic xanthoastrocytoma 

Ganglioglioma 


The olfactory bulb has a laminar organization (Figure 11.44). The 
outer layer is composed of spindled bundles of entering olfactory 
nerve fascicles intermixed with distinctive spherical, anuclear areas 
(termed glomeruli) that constitute specialized zones of synaptic 
contact between olfactory nerve collaterals and the dendrites of 
intrinsic olfactory bulb neurons. Mitral cells are large neurons, so- 
named for a resemblance of the perikaryon shape to a bishop's 
mitre. Their cell bodies are located in a lamina deep to that of the 


glomeruli (Figure 11.44). The deepest layer consists of a thick lamina 
of granular cell neurons that are comparable in size to those of the 
cerebellum and dentate gyrus. 


The olfactory tracts (sometimes incorrectly referred to as olfactory 
nerves) extend posteriorly from the olfactory bulbs. They are 
triangular in cross section and, in adults, are notable for their 
profuse numbers of corpora amylacea (Figure 11.45). 


Choroid Plexus 


The choroid plexus is a specialized organ of the CNS that is 
responsible for the production of cerebrospinal fluid. It is found in 
the body, atrium, and temporal horns of the lateral ventricles, in the 
interventricular foramina of Monro, in the roof of the third ventricle, 
and in the roof and lateral recesses of the fourth ventricle. The 
frontal and occipital horns of the lateral ventricles and the aqueduct 
of Sylvius 
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are devoid of choroid plexus. The plexus is most obvious in the atria 
of the lateral ventricles (Figures 11.40B, 11.47), where prominent 
bilateral tufts (glomera choroidea) are formed. Cystic xanthomatous 
change is a common incidental finding in these botryoid structures. 
The plexus is also a normal resident in the subarachnoid space of the 
cerebellopontine angle (CPA) cisterns, which it reaches from the 
lateral recesses of the fourth ventricle by protruding through the 
foramina of Luschka (Figure 11.46). The paired foramina of Luschka 
(lateral), which open laterally into the ventral basilar CPA cisterns, 
are to be distinguished from the single foramen of Magendie 
(median), which opens in the dorsal midline into the cisterna magna. 


Figure 11.44 Olfactory bulb. The olfactory bulbs have a very 
distinctive laminar organization. The most superficial layer, 
termed the glomerular layer (1) is covered by the leptomeninges 
(pia-arachnoid) and the subarachnoid space (SAS). The 
glomerular layer displays a unique architecture, with spindled 
olfactory nerve fascicles intermixing with spherical hypocellular 
synaptic zones called glomeruli (1). Deeper layers include the 
external plexiform (2), mitral cell (3), internal plexiform (4), and 
granular cell layer (5). Deeper still is the anterior olfactory 
nucleus (6). A working familiarity with olfactory bulb histology is 
essential for the surgical pathologist because this structure is 
frequently seen in the frozen section laboratory during resection 
of superior nasal cavity tumors that may invade the cribriform 
plate and overlying olfactory bulbs. 


Figure 11.45 Olfactory tracts. A. The olfactory tracts contain 
myelinated fiber bundles and are roughly triangular in cross 
section. B. A distinctive feature of the tracts frequently observed 
in adults is their remarkable content of corpora amylacea. 


Figure 11.46 Choroid plexus. A. Small tufts of choroid plexus 
are normally visible on the basal surface of the brainstem in the 
cerebellopontine angle (arrows), and indicate the location of the 


lateral foramina of Luschka (f) from which they protrude. The 
dusty discoloration of the inferior medulla is due to the presence 
of leptomeningeal melanocytes (Figure 11.57). B: The ependyma- 
lined sleeve of the lateral recess of the fourth ventricle 
(arrowheads), together with the protruding tuft of choroid 
plexus, is referred to in the older literature as the a€oeflower 
basket of Bochdaleka€* or a€cecornucopia.a€* Pieces of the 
ependymal cuff are often seen adherent to the lateral aspect of 
the medulla in autopsy brainstem sections and should be 
recognized as a normal finding. 


Microscopically, choroid plexus consists of invaginated fronds of 
vascular leptomeninges covered by an ependyma that is modified to 
become a highly secretory epithelium (Figure 11.47). The cells are 
larger and more cobblestoned than those of the adjacent ependyma 
(Figure 11.33). In addition to collagen and blood vessels, small nests 
of meningothelial (arachnoid) cells are common normal habituA©@s_ of 
the choroid plexus; whorls of these cells frequently give rise to 
psammoma bodies (Figure 11.47G). Nonspecific deposition of mineral 
salts also occurs commonly throughout the connective tissue core 
with increasing age and accounts for most of the plexuses' 
radiodensity. An additional aging change of no specific pathological 
Significance is cytoplasmic vacuolization of the ependyma-derived 
lining cells (Figure 11.47E). 


Circumventricular Organs 


The circumventricular organs (CVOs) comprise a diverse group of 
Specialized CNS centers that share two morphologic features: a 
periventricular location and vasculature that lacks the characteristic 
blood-brain barrier properties found throughout the rest of the brain 
and spinal cord. There are six CVOs: the pineal gland, subfornical 
organ, organum vasculosum of the lamina terminalis, area postrema, 
subcommissural organ, and the median eminence-infundibulum- 


neurohypophysis (Figures 11.48,11.49). Of these, all except the 
subcommissural organ are fully developed in the adult human (Figure 
11.49). The subcommissural organ, which is located on the ventral 
surface of the posterior commissure just caudal to the pineal gland, 
is a very prominent CVO in most vertebrates (Figure 11.49B); 
although it generally regresses near the end of gestation in humans, 
vestigial remnants may be present (Figure 11.49C). 


Intradural Elements of the Peripheral 
Nervous System 


The major intradural representatives of the peripheral nervous 
system are the cranial and spinal nerves and small autonomic fibers 
in the adventitia of blood vessels. In all of the cranial nerves except 
cranial nerve VIII, the transition from central to peripheral nervous 
system occurs within 2 
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mm of the pial surface. In the eighth cranial nerve, the central 
nervous system extends out along the nerve for a centimeter or so to 
the level of the internal auditory meatus. At this point, the transition 
occurs between the medial central nervous system segment and the 
lateral peripheral segment that emerges from the apparatus for 
hearing and balance (Figure 11.50). The myelin of the central 
nervous system is formed by oligodendrocytes, whereas that of the 
peripheral nervous system is formed by Schwann cells. Peripheral 
nerve is noted for its content of interstitial collagen and the 
elongated nuclei of Schwann cells. 


Figure 11.47 Choroid plexus. Choroid plexus produces the 
cerebrospinal fluid and is found in the lateral ventricles, foramen 
of Monro, roof of the third ventricle, and fourth ventricle. The 
largest tufts are called the glomera choroidea and are located in 
the atria of the lateral ventricles (A). Choroid plexus consists of 
a botryoid, finely tufted tangle of epithelium-covered 
fibrovascular tissue (B) that is formed during embryonic 
development through an invagination of the vascular pia- 
arachnoid into the ventricular system, whereby it acquires its 
covering of modified ependyma. Two common incidental findings 
on MRI scans and in autopsy specimens are cystic change (C) and 
xanthogranulomas (D), both of which may be bilateral. 
Histologically, choroid plexus is seen to be covered by simple 
cuboidal epithelium (modified ependyma); in adults, each choroid 
epithelial cell bears a single prominent paranuclear cytoplasmic 
vacuole (E). An additional aging change seen in normal choroid 
plexus is calcification, which occurs in two forms: nonspecific 
deposition of calcium salts in the collagenous stroma (F) and as 
psammoma bodies (G). The latter arise from meningothelial cell 
nests that normally are present in the choroid plexus as a result 
of the stroma's embryologic derivation from the leptomeninges. 


Figure 11.48 Circumventricular organs. The circumventricular 
organs share a midline or paramidline position, proximity to the 
ventricular system, and lack of the usual blood-brain barrier. The 
subcommissural organ is present in the developing fetus but is 
vestigial in the adult. (AP, area postrema; ME, median eminence 
and infundibulum; OVLT, organum vasculosum of the lamina 
terminalis; PG, pineal gland; SCO, subcommissural organ; SFO, 
Subfornical organ) 


Figure 11.49 Circumventricular organs (CVOs). Histologically, 
all of the CVOs except for the subcommissural organ are very 
similar, with a loose neuropil that is highly vascular and lacks a 
blood-brain barrier as illustrated by the subfornical organ (A). 
The subcommissural organ is located in the region of the pineal 
gland just beneath the posterior commissure in the posterior 


dorsal third ventricle and is highly developed in most mammalian 
species, as illustrated by the mouse (B). In humans, the 
sSubcommissural organ is vestigial, but remnants are occasionally 
encountered (C). The organum vasculosum of the lamina 
terminalis (OVLT) and the median eminence-infundibulum- 
neurohypophysis are two additional CVOs that are in contact with 
the third ventricle (D). (I, infundibulum; LT, lamina terminalis; 
OC, optic chiasm) 


Two additional intrathecal components of the peripheral nervous 
system may pique interest on fortuitous encounter. The first is the 
so-called microneuroma, which is usually found in the parenchyma of 
the spinal cord or, more rarely, the medulla (Figure 11.51). These 
structures consist of a Gordian knot of unmyelinated axons that have 
been hypothesized to arise secondary to traumatic injury of 
peripheral nerve roots whose regenerating axons follow penetrating 
Spinal or medullary arteries into the CNS parenchyma along the 
Virchow-Robin spaces. According to the hypothesis, the tapering 
perivascular spaces ultimately block further advance of the 
regenerating axons and, thereby, result in the observed neuroma. 


An additional component of the peripheral nervous system that 
occasionally arouses interest is the unmyelinated terminal nerve 
(variously termed nervus terminalis, cranial nerve zero, and terminal 
nerve), which courses in the subarachnoid space covering the gyri 
recti of the orbital 
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surface of the frontal lobes (Figure 11.52). Although usually 
composed of multiple small anastomosing fascicles, it occurs as a 
single trunk in some specimens and can be quite striking. Rarely, 
intrafascicular ganglion cells may be observed. 


Figure 11.50 Transition zone from central to peripheral nervous 
system myelin. For cranial nerve VIII (vestibulocochlear), this 
transition occurs in the vicinity of the internal acoustic meatus. 


Figure 11.51 Microneuroma. These tangled balls of 
unmyelinated axons are most often encountered in the spinal 


cord, less often in the medulla, as an incidental finding in an 
otherwise unremarkable specimen. 


Figure 11.52 Cranial nerve zero. Cranial nerve zero (CNO), also 
known as the terminal nerve or nervus terminalis, is present in 
humans as a plexus of small peripheral nerve fascicles found in 
the subarachnoid space that covers the gyri recti that lie 
between the olfactory bulbs and tracts (A). Tissue sections taken 
through the gyri recti that include the overlying leptomeninges 
(B) will often include a terminal nerve fascicle cut in cross 
section (C). The small peripheral nerve fascicles of cranial nerve 
zero are one potential source of subfrontal schwannomas. 


Meninges 


Dura Mater (Pachymeninx) 


The dura mater is composed of two tightly annealed layers of fibrous 
connective tissue. The outer layer functions as the periosteum of the 
cranium, whereas the inner meningeal layer is joined to the 
arachnoid membrane by weak intercellular junctions and focally 
forms the four dural reduplications that compartmentalize the cranial 
cavity: the falx cerebri, falx cerebelli, tentorium cerebelli, and 
diaphragma sellae. The two layers of the dura separate to 
accommodate the dural venous sinuses; the inner meningeal layer is 
pierced by draining veins and by arachnoid villi. The latter conduct 
cerebrospinal fluid back into the venous circulation and are obvious 
over the superior parasagittal convexities of the cerebral 
hemispheres, where they project into the superior sagittal sinus 
(Figure 11.53). They are present in all other major venous sinuses, 
as well. They are often observed along the posterior margin of the 
cerebellar hemispheres in relation to the sinus confluens and the 
transverse venous sinuses. Small villi are also present intraspinally. 
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Figure 11.53 Arachnoid granulations (villi). Specialized 
structures of the arachnoid membrane serve to return 


| cerebrospinal fluid from the subarachnoid space to the venous 
circulation and are accordingly found in relation to all major 
dural venous sinuses. The villi are most prominent in the 
Superior sagittal (A, B) and transverse sinuses. With advancing 
age, they undergo collagenous hypertrophy, as seen in these 
micrographs, and may then be referred to as pacchionian bodies. 
The enlarged villi remodel the overlying bone of the inner table 
of the calvarium to produce small pits termed pacchionian 
foveolae, or foveolae granulares. Nests of meningothelial cells 
may be seen anywhere along the arachnoid membrane but are 
especially prominent in the apical regions of arachnoid 
granulations, where they are termed arachnoid cap cells (C), and 
in the arachnoid covering the orbitofrontal cortex. Normal 
meningothelial cells are innately inclined to form whorls and 
psammoma bodies, two features that are often retained by their 
neoplastic counterparts, meningiomas. The meningothelial cells 
of the arachnoid membrane, including the cap cells, serve an 
epithelial function. Accordingly, they possess elongated, 
intertwined cell processes (D) that are tightly spot welded 
together by numerous desmosomes (E) and exhibit strong 
immunopositivity for epithelial membrane antigen (EMA) (F). Like 
the tendency to form whorls and psammoma bodies, these 
epithelial phenotypic traits are retained by neoplastically 
transformed meningothelial cells and serve as useful diagnostic 
features of the vast majority of meningiomas, which otherwise 
exhibit a very broad range of light microscopic morphologies. 
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The epithelial properties of arachnoid granulations are reflected 
ultrastructurally in elongated, interdigitating cell processes bonded 
together with desmosomes and immunohistochemically, by positivity 
for epithelial membrane antigen (Figure 11.53). These features are 
also characteristic of meningiomas. 


With age, the deposition of collagen enlarges the arachnoid villi, 
which are then referred to as pacchionian bodies (Figure 11.53). 
Such large granulations frequently press through the overlying roof 
of the superior sagittal sinus and its lateral lacunae to produce small 
pits or depressions in the inner table of the calvarium. These are 
known as the foveolae granulares or pacchionian foveolae. Portions 
of the dura, particularly the falx cerebri and parasagittal dura 
associated with the superior sagittal sinus, often calcify 
nonspecifically with age. Calcification may also be seen in association 
with chronic renal failure. Focal ossification is sometimes 
encountered as an_ incidental finding. 


Pia-Arachnoid (Leptomeninges) 


The arachnoid forms a continuous sheet immediately subjacent to the 
dura. Based on descriptive and experimental ultrastructural 
observations, it is now generally accepted that the dura and 
arachnoid exist in vivo as a physically continuous tissue, with sparse 
but unequivocal intercellular junctions linking these two historically 
discrete membranes. The storied subdural space has, thus, taken its 
rightful place in the pantheon of neuromythology, alongside brain 
lymphatics and the syncytial theory of the neural net. It has been 
proposed that the term spatium subdurale be eliminated from the 
standardized nomenclature of Nomina Anatomica. Nevertheless, 
there is no disputing the fact that the interface between dura and 
arachnoid constitutes the weak link or path of least resistance for 
pathologic processes that tend to disrupt the meninges. It seems 
unlikely that such venerable terms as subdural hematoma will soon 
be cashiered. 


Figure 11.54 Subarachnoid space. A. The subarachnoid space is 
delimited by the arachnoid membrane externally and by the pia 
mater internally. Delicate arachnoid trabeculae course between 
these two membranes. B. In adults, gradual collagen deposition 
in the subarachnoid space results in grossly appreciable 
a€cecloudinga€* of the leptomeninges. This aging fibrosis 
appears grossly as diffuse opacification with focal plaques and 
small punctate nodules. It is characteristically most prominent 
along the dorsal cerebral convexities adjacent to the superior 
Sagittal sinus. 


The pia mater and arachnoid are often considered as a single delicate 
covering of the brain and spinal cord (the pia-arachnoid, or 
leptomeninges). The arachnoid is connected to the pia by delicate 
strands termed arachnoid trabeculae (Figure 11.54A). In the young, 
the arachnoid is crystal clear, but with age it becomes gradually 
thickened. The extent of this change varies considerably. In some 
cases, it is severe enough to raise concern about a pathologic 
processa€”meningitis and meningeal carcinomatosis being the two 
usual suspects. This normal age-related arachnoid thickening is 
typically most pronounced over the dorsal parasagittal cerebral 
convexities. Microscopically, it results from the deposition of dense 


bundles of collagen (Figure 11.54B), analogous to the collagenous 
hypertrophy of arachnoid villi that occurs prominently in the same 
vicinity. 

Focal nests of arachnoid cells (also called meningothelial cells) may 
be seen throughout the arachnoid membrane but are concentrated 
over the arachnoid villi (arachnoid cap cells) (Figure 11.53C). These 
distinctive elements become more obvious and more clustered with 
advancing age and, in the adult, often form whorls with centrally 
placed psammoma bodies. At this point, the resemblance of these 
nests to those of the meningioma is inescapable. As mentioned 
previously, small nests of arachnoid cells are also present 
intraventricularly in the vascular connective tissue core of the 
choroid plexus (Figure 11.47G). Both normal and neoplastic 
meningothelial cells are immunoreactive for epithelial membrane 
antigena€”an understandable property considering the epithelial 
phenotype of the desmosome-containing meningothelial cell (Figure 
11.53). 


The dorsal leptomeninges of the thoracic and lumbosacral spinal cord 
occasionally contain white waferlike 
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plaques (Figure 11.55), a finding that is often termed arachnoiditis 
ossificans. In fact, in the majority (but not all) of cases, these brittle 
lesions are roentgenographically and histologically devoid of bone or 
mineral. Rather, they most often consist of laminated, hyalinized 
fibrous tissue. True arachnoiditis ossificans generally occur in the 
context of prior symptomatic inflammation or trauma to the 
leptomeninges. Hyalin plaques, in contrast, are typically discovered 
as an incidental finding at autopsy in the absence of any relevant 
clinical history. 


Figure 11.55 Hyaline plaques of the spinal leptomeninges. 
These plaques are common incidental findings at autopsy and 
occur most frequently in the dorsal spinal arachnoid, although 
they may occasionally be seen in the cerebral leptomeninges as 
well. 


Like the dura, the pia is traditionally divided into two layers: the 
epipia, which covers the surface of the CNS parenchyma and 
surrounds the vasculature, and the intima pia, which extends into the 
CNS parenchyma as the posterior median and intermediate septa of 
the spinal cord. Classically, three specialized structures of the epipia 
are recognized: the denticulate ligaments on either side of the spinal 
cord, the linea splendens adjacent to the anterior spinal artery, and 
the filum terminale. All three structures are composed primarily of 
dense bundles of collagen. 


Figure 11.56 Filum terminale. A. The filum terminale is the 
terminus of the spinal cord and extends downward from the 
conus medullaris surrounded by the nerve roots of the cauda 
equina. B. As seen in cross section, the filum is composed 
primarily of dense collagenous tissue and contains blood vessels, 
small peripheral nerve fascicles, and, of significant clinical 
importance, a small, often eccentrically located, ependymal 
remnant of the central canal (upper right). The latter structure, 
Shown at higher magnification in C, is the origin of myxopapillary 
ependymoma. D. A remnant of the embryonic terminal ventricle 
of Krause (ventriculus terminalis), which consists of a focal 
dilatation of the central canal located in the region of the 
junction of the conus medullaris with the filum, may be 
encountered in sections from this vicinity. 


The filum terminale, which forms the terminus of the spinal cord, 
warrants additional brief description. As noted earlier, it is composed 
largely of leptomeningeal collagen but also contains small blood 
vesselS and occasional small nerve fascicles; it may harbor focal 
collections of adiposites in a minority of normal individuals. Most 
importantly, however, is an ependymal remnant of the central canal 
(Figure 11.56). This structure is the source of origin for a unique 
neoplasm of the conus medullaris and filum terminale: the 
myxopapillary ependymoma. 


Leptomeningeal Melanocytes 


True melanocytes like those found in the skin are normal cellular 
constituents of the meninges. They are typically most concentrated in 
the leptomeninges of the ventral aspect of the upper cervical spinal 
cord and medulla oblongata (Figure 11.57). In individuals with an 
abundant melanocytic presence, the distribution territory extends 
upward through the pontine cistern and mesencephalic 
interpeduncular fossa, lateral to the inferior cerebellar hemispheres 
and mesial aspects of the temporal lobes, and as far rostrally as the 
gyri recti of the orbitofrontal cortex. It is not unusual for 
melanocytes to follow the investing leptomeninges of the 
perivascular Virchow-Robin spaces around large penetrating arteries 
for short distances into the CNS parenchyma. 


Piolo 


Figure 11.57 Leptomeningeal melanocytes. True melanocytes 
(not to be confused with neuromelanin-containing 
catecholaminergic neurons) are normal constituents of the pia- 
arachnoid and are often grossly visible as a dusky brown 
discoloration of the leptomeninges overlying the ventral aspect of 
the brainstem (A) and cervical spinal cord (B). On cross section 
their rounded profiles might be confused with hemosiderin-laden 
macrophages; but on longitudinal section their elongated, 
dendritic quality is evident (C, D). 


P.314 


Table 11.2 a€ceBrown Pigmenta€e in the Central Nervous 
System (CNS) 


Normal 

Lipofuscin in large neurons 

Lipofuscin-like pigment in the infundibulum and 
neurohypophysis 

Neuromelanin (catecholaminergic neurons) 
Melanocytic melanin (leptomeningeal melanocytes) 
Melanin in fetal pineal gland 
Abnormal 

Hemosiderin from hemorrhage 

Melanin of metastatic melanoma 

Melanin of pigmented primary CNS tumors 
Lipochrome-like pigment in many a€oemelanotica€* CNS 
tumors 

Pigmented fungi 

Malaria pigment 

Artifact 

a€oeFormalin pigmenta€« 


Intrinsic melanocytes of the leptomeninges may be involved in a 
spectrum of proliferative conditions ranging from benign 
melanocytoma to primary CNS melanoma, with all of these entities 
being exceptionally rare. In contrast, the normal presence of 
melanocytes in the leptomeninges must always be borne in mind 
when examining surgical biopsies from CNS sites known to harbor 
these distinctive elements; one must avoid misinterpreting them as 
evidence of a melanocytic neoplasm or as hemosiderin-laden 
macrophages (Table 11.2). With regard to the latter, the long 
dendritic processes of the melanocytes are generally quite distinctive 
(Figure 11.57). 


Figure 11.58 Optic nerve. A. A whole-mount cross section 
reveals that the optic nerve (N) is surrounded by leptomeninges 
(L), which include the pia mater and arachnoid together with the 
enclosed cerebrospinal fluid-containing subarachnoid space. The 
leptomeninges and subarachnoid space are in turn covered by 
the densely fibrous dura mater (D), which, in this location, is 
often referred to as the optic nerve sheath. B. At higher 
magnification, leptomeningeal arachnoid cell clusters are clearly 
seen. The presence of arachnoid cell nests around the optic 
nerve must be borne in mind when examining intraoperative 
frozen tissue sections from this neuroanatomic vicinity. 


Optic Nerve 


The optic nerves (as well as the optic tracts and optic chiasm) are 
direct extensions of the CNS and not peripheral nerves. The 
significance of this fact is that the myelin of the optic nerves is of the 
central type and is produced by oligodendroglia, not Schwann cells. 
Thus, the optic nerves are susceptible to diseases of CNS white 
matter, such as multiple sclerosis. Being extensions of the CNS, the 


optic nerves are surrounded by the three meninges, pia mater, 
arachnoid, and dura mater, with the enclosed subarachnoid space 
(Figure 11.58). The presence of an arachnoid layer surrounding the 
optic nerve explains the occurrence of optic sheath meningiomas. 


Fetal Brain 


The two most distinctive histologic features of fetal brain compared 

to adult brain are active neurogenesis and paucity of myelin. The 

former is observed as a prominent, dense aggregation of neuroblasts 

and immature neurons in the periventricular and subpial zones. A 

similarly transient layer of migrating neurons in the fetal and infant 
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cerebellum (the external granular layer) has been discussed. These 

generative laminae begin involuting during the latter part of 

gestation; remnants are present during the first year of postnatal life 

(Figure 11.3C). 


Table 11.3 Artifacts 


Postal service artifacts 

Crush (glass slides) 

Paraffin pox (paraffin blocks melted into bubble-wrap 
during shipping in hot weather) 
Cautery artifact 

Tissue 

Blood vessels 
Freeze artifact 
Crush artifact 

Embedding sponge 

Surgical or histology forceps 
Cavitron ultrasonic surgical aspirator (CUSA) artifacts 
Pseudonecrosis 


Admixed exogenous constituents 

Cranial bone fragments (a€cebone dustda€e ) 
Hemostatic agents 

Pseudomineralization 

Bone dust 

Laminar pseudomineralization 

Delayed fixation artifact 

Perinuclear halosa€”oligodendroglial (useful) 
Perinuclear halosa€”neurons (mimics oligodendroglioma) 
Pseudohypercellularity on smear preparations (uneven 
thickness mimics glioma) 

Air-drying artifact on touch/ smear/ drag preps 
Collapsed leptomeningeal vessels (mimics vascular 
malformation) 

Formalin pigment 

Extraneous contaminants 

latrogenic foreign material 

Tissue fragments (da€cefloatersa€e ) 

Microtome waterbath fungi and bacteria 

Airborne plant pollen spores 

Autopsy artifacts 

Cerebellar conglutination 

Mechanical herniation (da€cetoothpastea€* ) artifact of 
Spinal cord 

Macroscopic gas-forming bacteria vacuolation (a€oeSwiss 
cheese  braina€e ) 


Artifacts 


A variety of gross and macroscopic artifacts may complicate 

evaluation of the CNS. Many of these are seen frequently in surgical 
neuropathology practice, while a few are limited primarily to autopsy 
neuropathology (Table 11.3). Artifacts can be broadly separated into 


those that hinder diagnostic evaluation versus those that mimic 
histopathologic lesions. Among the former are artifacts of the crush- 
burn-freeze-suck-soak group (Figure 11.59). The cavitron ultrasonic 
Surgical aspirator (CUSA) is widely employed by neurosurgeons for 
the safe removal of diseased CNS tissue, particularly soft tumors, 
and a trap can be used to collect the aspirated tissue and saline 
irrigation solution for submission for histologic evaluation. Although 
microscopic examination of CUSA material can be very informative, 
the 
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pathologist must be aware of the artifacts that frequently accompany 
such specimens, including artificial distortion and smearing, and the 
introduction of extraneous material (bone dust, hemostatic agent); 
CUSA artifact is one cause of pseudonecrosis in CNS tissue samples 
(Table 11.4). Among artifacts that mimic lesions, the most common 
are perinuclear halo artifact, collapsed leptomeningeal vessels, and 
a€cebone dusta€* (Figure 11.60). 


Figure 11.59 Artifacts. Many artifacts encountered in surgical 
pathology of the central nervous system prevent or severely 
hinder interpretation of the specimen. Among these, some are 
unique to the consultation service, such as postal service crush 
artifact (A) and hot weather bubble-wrap a€oeparaffin poxa€e 
(B), while others are secondary to surgical and laboratory tissue 
insults, such as severe freeze artifact (C), cautery artifact (D), 
and ultrasonic aspiration of brain tissue (E). 


latrogenically introduced foreign material is also encountered with 
regularity by pathologists who examine CNS specimens and warrants 
brief mention (Table 11.5; Figure 11.61). A variety of foreign agents 
are used to control bleeding during surgery and may be introduced 
preoperatively by the interventional radiologist for embolization of 
vascular lesions or intraoperatively by the surgeon to control 
hemorrhage during and after surgery. All of these agents periodically 
appear in tissue sections. Because they are designed to be 
resorbable and can therefore be left in place, the morphologic 
appearance will vary depending on the time interval from placement 
at the initial surgery and subsequent resection during a second 
surgery (as, for example, resection of recurrent tumor). Resorbable 
hemostatic agents elicit a chronic inflammatory reaction of variable 
intensity, which occasionally may be severe enough to create mass 
effect and clinical symptoms (textiloma, gossypiboma). 


Table 11.4 Pseudonecrosis_ Etiologies 


Artifact 

CUSA*/saline solution artifact 

Hematoxylin absence artifact 

Normal regional histology 

Cerebellar cortex on smear preparation (hypocellular 
eosinophilic molecular layer mimics necrosis) 

l atrogenic 

Degenerating microfibrillar collagen (Avitene) textiloma 
(gossypiboma) 


*Cavitron ultrasonic surgical aspirator (CUSA). 


There are a few artifacts with which the pathologist who examines 
postmortem CNS specimens should be familiar (Figure 11.62), the 
most common being autolysis of the cerebellar granular cell layer 
(cerebellar conglutination), mechanical distortion of the spinal cord 
produced by forceps pressure during removal (a€cetoothpastea€s 
artifact), and the production of cystic cavities of varying size in the 
brain by the postmortem proliferation of gas-forming bacteria 
(a€ceSwiss cheese  braina€e ). 
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Figure 11.60 Artifacts. Several types of artifacts may not be 
recognized as artifactual in nature to the unaware and so may be 
particularly misleading. For example, one of the most 
characteristic morphologic features of normal oligodendrocytes 
and their derivative tumors, oligodendrogliomas, in formalin- 
fixed paraffin-embedded tissue sections is the presence of 


| perinuclear halos. However, depending on fixation conditions and 
other factors, prominent halos may sometimes be seen around 
other cell types, including neurons (A); care must be exercised in 
such situations to avoid misdiagnosis. Another example of 
misleading artifact is the tangle of normal blood vessels that 
results from collapsed vascular leptomeninges (B). The result can 
mimic vascular malformation. Before rendering a diagnosis of 
vascular abnormality in such circumstances, the adjacent brain or 
spinal cord tissue should be examined for evidence of associated 
features, such as gliosis, hemosiderin deposition, and granular 
bodies. Finally, also under the category of misleading artifact is 
a€cebone dust,a€* which consists of microscopic fragments of 
cranial bone produced by the surgeon's drill that become 
intermixed with the tissue sample and can mimic calcification or 
ossification. In repeat operations, such bone dust fragments left 
in situ at the previous operation can be seen accompanied by a 
foreign bodya€“type giant cell reaction (C). 


Table 11.5 latrogenically-Introduced Foreign Material 


Preoperative embolic agents 
Gelatin foam (Gelfoam) 
Polyvinyl alcohol particles 
Acrylic microspheres (Embospheres) 
Intraoperative hemostatic agents 
Resorbable hemostatic agents 
Gelatin foam (Gelfoam) 
Oxidized cellulose (Surgicel, Oxycel) 
Microfibrillar bovine collagen (Avitene) 
Nonresorbable hemostatic agents 
a€ceRetaineda€ » cotton ball/pledgers 


Cottonoids and kites (synthetic) 
Surgically introduced therapeutic materials 
Gliadel wafers (chemotherapy delivery) 
Muslin (cotton) fabric (aneurysm wrapping) 
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Figure 11.61 Artifacts. An additional category of artifacts seen 
in surgical neuropathology consists of foreign material placed by 
the interventional radiologist or neurosurgeon and subsequently 
encountered by the pathologist upon tissue resection. The most 
common examples of this are embolic and hemostatic agents. 


Embolic materials are introduced by catheter prior to surgery for 
highly vascular lesions to reduce intraoperative bleeding; the 
most common are gelatin foam (A), acrylic resin spheres (B), 
and polyvinyl alcohol particles (C). Hemostatic agents, in 
contrast, are placed in the surgical site to stop bleeding during 
the operation and often are left in place after closing to prevent 
postoperative bleeding. The most commonly employed agents are 
gelatin foam (D), oxidized cellulose (E), and microfibrillar bovine 
collagen (F). 
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Figure 11.62 Artifacts. There are a number of gross and 
histologic artifacts that are usually encountered only in autopsy 
specimens of the central nervous system. The most common of 


these are cerebellar conglutination (A, B), also known as 
a€ceetat glace,a€* which consists of autolytic dissolution of the 
granular cell layer of the cerebellum; a€cetoothpastea€* or 
a€cesqueezea€* artifact of the spinal cord (C), which results 
from focal crushing of the cord by forceps during removal at 
autopsy and resultant internal herniation of the central gray 
matter, mimicking malformation or heterotopia; and a€ceSwiss 
cheese braina€* (D), which is a striking macroscopic 
vacuolization of the brain resulting from postmortem proliferation 
of gas-forming bacteria. 
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Embryology 


To fully appreciate the anatomy of the pituitary (hypophysis), an underst 
embryogenesis is essential. The gland consists of an anterior lobe (adenc 
posterior lobe (neurohypophysis), and an intermediate zone (Figure 12.1 
of each differs significantly. 


The adenohypophysis has its origin in a thickening of oral ectoderm (1 ,2 
third week of gestation, this thickened plate invaginates in a cephalad dir 
Rathke's pouch, which retains its connection to the stomodeum via a narr 
sixth week, the stalk becomes so attenuated that the pouch loses its stoli 
it comes into contact with the infundibulum. Cellular proliferation in the a 
Rathke's pouch gives rise to the pars distalis, the principal portion of the 
addition, a a€cetonguelike'' extension of the pars distalis, the pars tubera 
partially surround the anterior surface of the infundibulum. The posterior 
pouch gives rise to what in humans is a thin segment of pituitary, the pa 
intermediate lobe. In this zone, microcystic remnants of Rathke's pouch 


material are commonly seen (Figure 12.1 ). Gross cystic dilatation of sucl 
common but infrequently produces clinically significant intermediate lobe 
cysts. 


A remnant of the pharyngohypophysial stalk, demonstrable in fetuses an 
encountered in adults, comprises the pharyngeal pituitary (5 ,6 ). Locatec 
beneath the muco-periosteum of the nasopharynx, it extends from the po 
vomer along the sphenoid bone. Although the full spectrum of anterior p 
producing cells may be demonstrated in pharyngeal pituitaries, they are r 
medical or surgical disease. 


The neurohypophysis develops from a neuroectodermal bud first noticeable 
diencephalon at 4 weeks' gestation (1 ,3 ). Two weeks later, the outgrow 
abut the posterior portion of Rathke's pouch. This specialized portion of t 
comprises magnocellular nuclei, their axons within the median eminence 
stalk, and their terminations in the pars nervosa (posterior lobe). Oxytoc 
as well as their carrier proteins, the neurophysins, 
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are detectable in supraoptic and paraventricular nuclei at 19 weeks and ir 
at 23 weeks (7 ). 


Figure 12.1 Normal unfixed adult pituitary gland cut in the horizontal pl. 
lobe is located at the top of the field. A few intermediate lobe cysts are Į 
color of the anterior lobe is a reflection of its extensive vascularity. 


As early as 7 to 8 weeks’ gestation, the portal system begins to develop. 
weeks both the median eminence and the anterior lobe are vascularized, 
hypothalamica€“pituitary portal system is not completed until 18 to 20 we 


The hypothalamus develops from a swelling in the diencephalon. Althougt 
nuclei as well as the supraopticohypophysial tract are demonstrable at 8 
unmyelinated axons, growing ventrally from the magnocellular (Supraoptic 
paraventricular) nuclei, do not reach the posterior lobe until 6 months. 


By 12 weeks, a number of cartilaginous plates have fused to form the cé 
neurocranium (1 ). The body of the sphenoid bone and the sella turcica r 
hypophysial cartilaginous plates located on either side of the developing ł 
well formed by 7 weeks and matures through a process of enchondral os 


Rare developmental malformations of the pituitary gland, including ectopic 
pituitary dystopia, have been reported (8 ,9 ). 


The understanding of pituitary development has recently expanded as a re 
identification of molecular mechanisms that may specify cell determinatic 
Recent advances in pituitary development in mammals have suggested tt 
organogenesis is controlled by a combination of sequential exogenous an 
(10,11,12 ). These signals induce the expression of interacting transcrig 
temporal and spatial patterns. Pituitary cell types appear to emerge from 
under the response of transcription regulators critical for determination é 
specific cell type. Briefly, the transcription factor pituitary homeobox 1 (F 
early development of the pituitary and cooperates with more functionally 
transcription factors. Pit-1 is a transcription factor that regulates the fu 
of the somatotrophs, lactotrophs, and thyrotrophs. A family of basic heli 
transcription factors, Neuro D1 , and a novel T box factor, Tpit , appear 
a role in the functional differentiation for pituitary pro-opiomelanocortin ( 
and corticotroph cells. The nuclear receptor steroidogenic factor-1, SF-1 
differentiation of LH and FSH cells. 


On the other hand, the time period of recognition of the various human ł 
hormonea€“producing cells during embryonal development have been well 
immunohistochemical stains. Corticotrophs are the first cells to differentiat 


fetal pituitary (at around 5 weeks gestational age). Somatotrophs appear | 
weeks, followed by thyrotrophs and gonadotrophs at 12 to 15 weeks. La 
seen in small numbers as early as 12 weeks, are only fully recognizable al 
,14). 


Gross Anatomy 


Bony Sella 


The pituitary gland is centrally situated at the base of the brain, where it 
the sella turcica, a saddle-shaped concavity within the sphenoid bone (Fig 
,12.4 ). It is attached to the hypothalamus by both the pituitary stalk anı 
network (Figures 12.5 ,12.6 ,12.7 ). By virtue of its location, the pituitary 
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gland has many important anatomic relations (15 ,16 ,17 ). Anterior to tt 
bone forms a midline slope, the tuberculum sella, as well as a transverse 
chiasmal sulcus, so named for the overlying optic chiasm (see Figures 12 
canals, which transmit the optic nerves, lie anterolateral to the sulcus, w 
tracts are posterolateral. In view of the pituitary's proximity to the optic 
lesions that extend superiorly may cause significant visual field deficits (F 
,12.6 ,12.7 ,12.8 ,12.9 ,12.10 ,12.11 ). Specifically, compression of decu: 
chiasm produces bitemporal hemianopsia, whereas compromise of an optic 
homonymous hemianopsia. Further suprasellar extension may cause hyp 
and hydrocephalus. 
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Figure 12.2 Ventral surface of normal brain showing the pituitary stalk ; 
structures. The pituitary gland has been removed. The proximity of the of 
pituitary is the basis for the visual field deficits accompanying suprasellar 
pituitary adenomas. Visible along the posterior aspect of the stalk are tril 
system. 


Figure 12.3 Oblique view of the normal skull base; the various skull bon 
color. The sella turcica is centrally located with several foramina nearby. 


spinosum is not visible in this view. Yellow, sphenoid; pink, occipital; ligt 
green, parietal; white, frontal. 
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Figure 12.4 This normal lateral skull radiograph shows the central 
turcica and surrounding bony anatomy. 
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Figure 12.5 Midline sagittal section through the brain at the level of the 
pituitary gland, showing the pituitary gland with surrounding structures 
hypothalamus, third ventricle, optic chiasm, and sphenoid sinus. 


The floor of the sella forms a portion of the roof of the sphenoid air sinus 
relationship that permits ready surgical access (18 ) (Figures 12.4 ,12.6 
,12.10 ,12.11 ,12.12 ). Indeed, the transsphenoidal approach to the pitt 
mobilization of the nasal septal cartilage followed by resection of a portio! 
plate. A sublabial incision is then made, and the sphenoid 
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speculum is placed in the septal space, permitting direct visualization of t 
the sphenoid sinus. Upon breaking through the anterior sphenoid wall, the 
bulging into the roof of the sinus. A septated sphenoid sinus may affect t 
orientation at surgery (Figures 12.8 ,12.9 ). The pituitary is then exposec 
bony sellar floor and incising the dural investment around the gland. 


Figure 12.6 Sagittal whole-mount section of normal pituitary gland and 
structures. The anterior (at right ) and posterior (at left ) lobes are clear 
pars tuberalis is the thin tongue-shaped portion of anterior lobe that exte 
distance up the stalk. This diagram illustrates the proximity of the optic c 
pituitary. Superior extension of a pituitary tumor may compress the optic 


resultant visual field deficits, whereas downward extension may fill the s 
Fast Bluea€“PAS). 
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Figure 12.7 Magnetic resonance imaging (MRI): sagittal view of the brain 
pituitary stalk and gland. The clarity of the pituitary gland, stalk, hypothe 
chiasm is remarkable, making MRI an excellent imaging modality for the 
pituitary lesions. One advantage of MRI over computed tomography (CT) i 
bony artifact with MRI. 
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Figure 12.8 Coronal section of the head at the level of the pituitary stalk 
photograph clearly illustrates the intimate relationships between the cave 
sphenoid sinus, and the pituitary gland. Invasive adenomas may extend li 
both cavernous sinuses or inferiorly into the sphenoid sinus. Note the pro 
chiasm to the pituitary. 


Figure 12.9 Coronal whole-mount view of the normal pituitary gland anc 
structures. Note the location of cranial nerves III, IV, VI, and branches of 
within the cavernous sinuses, a relationship explaining the occurrence of 
in association with invasive pituitary adenomas. This section also illustrate 
the internal carotid arteries to the pituitary gland (Luxol-Fast Bluea€“PAS 
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The sloping anterior sellar wall terminates in posterolateral projections, t 
processes (Figures 12.3 ,12.4 ). Posterior to the sella, the sphenoid bone 
dorsum sellae, anterolateral portions of which form the posterior clinoid 

Figures 12.3 ,12.4 ). Posterior to the dorsum sellae lies the downward-sl 
notorious as the site of predilection of chordomas (Figures 12.3 ,12.4 ,1 
number of neurovascular foramina are situated in the sellar region; by nē 
from anterior to posterior, they include the foramen rotundum (maxillary 
(mandibular nerves), spinosum (middle meningeal arteries), and lacerum 
arteries) (Figure 12.3 ). 
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Figure 12.10 A computed tomographic (CT) coronal view of the normal s 
level of the pituitary stalk and gland. The CT scan is a good imaging moc 
the pituitary gland; however, radiologists often encounter problems with 
this reason, MRI is superior. 
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Figure 12.11 Coronal MRI of the skull and brain at the level of the pituit 
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Meninges 


The physical relationship of the meninges to the pituitary and sella is unu: 
pituitary lacks a leptomeningeal investment. Periosteal dura lines the sell 
the dura proper covers the lateral aspects of the cavernous sinuses and f 
diaphragm. The diaphragm is usually thin at the center and thick at its p 
possesses a variably sized central aperture through which the pituitary sti 
Leptomeninges do encircle the stalk; however, below the level of the Sell 
reflect back upon themselves to form a circumferential channel, the infr 
hypophysial cistern. This arrangement explains the higher incidence of de 
meningiomas in the suprasellar surface of the diaphragm rather than in 1 
compartment. 


In some individuals, the leptomeninges exhibit an important anatomic var 
extension or herniation of the arachnoid through an inordinately large di 
In one study, the incidence of an intrasellar arachnoidocele was found to 
In such cases, transsphenoidal surgery may result in persistent cerebrost 
rhinorrhea because of inadvertent violation of the subarachnoid space. W 
exertion of even normal CSF pressure, enlargement of such arachnoidocel 
sellar enlargement and pituitary compression, the gland being reduced to 
the posterior sellar floor (Figures 12.13 ). The so-called empty sella synd 
distinct predilection for obese, multiparous females (Figure 12.14 ). Its < 
manifestations are fully expressed in as many as 5.5% of autopsies (20 ,; 
the gland 
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and traction deformation of the pituitary stalk may cause mild to moder 
and  hyperprolactinemia, respectively. 
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Figure 12.12 Transsphenoidal approach to the pituitary gland. After mok 
septal cartilage and resecting a portion of ethmoid plate, a sublabial incisi 
sphenoid speculum is placed. Next, the floor of the sphenoid sinus and _ the 
turcica are traversed. Finally, the dural investment of the pituitary gland 
gland is exposed. This diagram illustrates a curette in place for removal c 
adenoma. 


Figure 12.13 Illustration of normal as well as variants of the empty sellz 
pituitary-sellar relationships. The leptomeninges cover the stalk and sellar 
not extend into the sella. B. In primary empty sella syndrome, an excess 
diaphragmatic orifice permits herniation of leptomeninges into the sella. 

pressure compresses the gland against the sellar floor. C. Secondary emg 
from infarction of a pituitary adenoma, infarction of the pituitary gland, a 
radioablation of the gland. (Ar, arachnoid; AP, anterior pituitary; PP, pos 


optic chiasm; 3°¢ v, third ventricle) 


Figure 12.14 Superior view of the skull base, demonstrating an inciden’ 
primary empty sella. Normally in this view the upper surface of the pituitz 
visible through the diaphragmatic aperture, but here the sella appears em 
primary empty sella syndrome symptomatic. This specimen is from a 57- 
diabetic woman. 


Vasculature 


Vascular structures of major surgical significance abound in the sellar reg 
Cavernous sinuses are situated on either side of the sella and, in part, lie 
to the sphenoid sinuses (Figures 12.8 ,12.9 ,12.10 ,12.11 ). Each cavern 
invested by dura of the middle fossa, as well as by thin bony walls of the 
Venous drainage to the sinuses comes from a number of sources, includin 
ophthalmic vein), brain (inferior and middle cerebral veins), and sphenor 
Communication between right and left cavernous sinuses takes place thr 
sinuses bordering the anterior and posterior aspects of the sella (22 ). TI 
forms a venous ring around the sella and its contents. Additional interca\ 
located along the ventral surface of the pituitary. The cavernous sinuses 
addition to their content of venous sinuses, a number of vital neurovascu 


). These include the cavernous segments of the internal carotid arteries é 
cranial nerves II] (oculomotor), IV (trochlear), V (trigeminal), and VI (ab 
12.8 ,12.9 ). Delicate areolar tissue fills the interstices between venous 
and nerves. The location of the horizontal portions of the internal carotid 
cavernous sinuses varies, not only from person to person but from left to 
the carotids may lie immediately adjacent to the sella, in which case they 
Surgical risk (19 ) (Figures 12.8 ,12.9 ). Furthermore, the anterior portior 
may indent the sphenoid bone and thus be separated from the cavity itsel 
mm of bone (15 ). Several branches of the internal carotid artery arise w 
sinus, including the meningohypophysial trunk (the largest intracavernous 
of the inferior cavernous sinus, and small capsular branches (23 ,24 ). TF 
meningohypophysial trunk gives rise to several vessels, one of which, th 
artery, supplies the posterior or neural lobe and the pituitary capsule. 


Given their location, the cavernous sinuses may be directly involved by f 
example, extension of an invasive adenoma into the cavernous sinuses m 
neuropathies of cranial nerves III through VI (Figure 12.9 ), including ptc 
diplopia. 


The principal arterial supply of the pituitary originates in two branches of 
carotids: the superior and inferior hypophysial arteries (25 ,26 ) (Figure 
Superior hypophysial artery springs from each carotid shortly after its ent 
cavity and promptly divides into posterior and anterior branches, each of 
with the corresponding branch from the opposite side to form an arterial 
upper pituitary stalk. The anterior branches give rise to trabecular or lori 
descend on the upper surface of the anterior lobe, course toward the pitt 
terminate in long stalk arteries along the pars tuberalis. In their brief cov 
anterior lobe, trabecular arteries each give rise to a small artery of the fi 
posterior and anterior branches of the superior hypophysial arteries are a 
short stalk arteries, which penetrate the superior aspect of the pituitary s 
or downward within it. In contrast to the superior hypophysial arteries, t 
originate from the meningohypophysial trunks within the cavernous sinuse 
inferolateral portions of the gland and bifurcate into medial and lateral bi 
anastomose with their opposite counterparts to form an 
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arterial circle about the posterior lobe. Thus, branches of the inferior hy 


supply primarily the posterior lobe and lower portion of the stalk, contrib 
capsular branches to the periphery of the anterior lobe (27 ). Although m 
branches in the pituitary stalk and infundibulum form arterioles and capill 
to unique vascular complexes termed gomitoli (Figures 12.15 ,12.16 ). T 
threada€* consist of a central artery surrounded by a glomeruloid tangle 
transition from central arteries to the capillaries is via short specialized 
with thick smooth muscle sphincters that serve to regulate blood flow. Th 
periarteriolar capillaries drains into an extensive pampiniform network, th 
which envelopes the stalk (Figures 12.2 ,12.15 ). 
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Figure 12.15 Diagrammatic representation of the vasculature of the pitu 


Superior and inferior hypophysial arteries and branches of the internal cé 
comprise the major blood supply of the gland. Small terminal branches of 
inferior hypophysial arteries give rise to tangled capillary loops termed g 
into portal vessels. The latter traverse the length of the stalk and termina 
in the anteior lobe. The anterior pituitary thus receives the majority of its 
from arteries but from the portal system. The portal system forms a vital 
hypothalamus and the pituitary gland. 
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Figure 12.16 Gomitoli, tortuous capillary loops surrounding a central artı 
portion of the pituitary stalk (A ) (H&E, original magnification A—100). TI 


vascularity of the gomitoli is highlighted by staining with Ulex europeus | 
(immunostain, original magnification A—100). 


m 


The hypophysial portal system, the critical link between hypothalamus an 
origin from the capillary plexus of the median eminence and stalk, which 
terminal ramifications of the superior and inferior hypophysial arteries (2 
plexus in the median eminence and superior stalk, the site of uptake of 
factors, drains into the long portal vessels that course along the surface c 
the majority (90%) of the anterior lobe, whereas the smaller capillary ple 
stalk gives rise to the short portal vessels that descend into its central p 
bordering the posterior lobe (27 ,28 ). Distally, the portal system commu 


delicate capillary network in the anterior lobe, which carries hypophysiotr 
the pituitary and conveys anterior lobe hormones to the general circulatio 


Figure 12.17 Adenohypophysis. A. The intricate capillary and connective 
outlined in reticulin stain. The reticulin stain is invaluable in the evaluatic 
adenomas, which are largely devoid of reticulin, whereas the surrounding 
it (Wilder reticulin, original magnification A—40). B. The capillary endothe 
lobe capillary network stains strongly for CD31 (immunostain A—100). 


Venous outflow of the pituitary is via collecting vessels that drain into th 
sinus, Cavernous sinus, and superior circular sinus (26 ). 


There is considerable variability in the vascular anatomy of the pituitary. 
direct arterial supply via capsular branches of the inferior hypophysial ar 
of the anterior lobe's circulation is venous, originating from the portal ve: 
contrast to that of the anterior lobe, the blood supply of the posterior lob 
arterial, a characteristic that explains the predilection of metastatic carcin 
lobe. 


Physiology and Histology 


Hypothalamus 


The pituitary is known to be under significant hypothalamic control. In fac 
the hypothalamus form a complex neurohormonal circuit, a vital element 
a normal endocrine status. Weighing approximately 5 g and forming the w 


inferior third ventricle, the hypothalamus lies above the 
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pituitary to which it is connected by the pituitary stalk (Figures 12.5 12.6 
). As the name suggests, the hypothalamus lies inferior to the thalamus. 
glance it appears poorly demarcated, the hypothalamus is bordered anter 
commissure, lamina terminalis, and optic chiasm; posteriorly and superior 
tegmentum and mamillary bodies; dorsally by the hypothalamic sulcus; ai 
subthalamic nuclei (29 ,30 ). The region consists of several ill-defined bt 
neuronal nuclei (Figures 12.18 ,12.19 ,12.20 ,12.21 ). Afferent and effer 
these nuclei into contact with nearby as well as remote portions of the c 
system, including other diencephalic structures, the cerebrum, brain stem, 
Two major and distinct hypothalamohypophysial secretory systems are re 
consists of the supraoptic and paraventricular nuclei and their projections 
lobe (supraopticohypophysial and paraventriculohypophysial tracts); the o 
mainly of nuclei of the tuberal region, the funnel-shaped floor of the thirc 
processes terminating in the median eminence (tuberohypophysial tract) 


Soptum pellucidum 


oe! Corpus callosum 
— 


= — 


| Fornix 


Lateral - 
ventricio (S0 
NY, 


Lateral and 


medial preoptic A — as 
nucleus intermodiate 


nucleus 


intercalatody 
pnysleus ap 


t } i Arr, fi 
| , Peeing Nig fe NÑ KAA iberaj nucleus 


Modial 
forebrain i 
bundle re > 
Lamina z 
terminalis f 
} 


Paraventriculo-\/a 
hypophyscaltract 


Z <a} jj 
Supraoptico ~ | ————— HI} 
: us 
hypophys caltract culacnucie 


Tuboro - SET yw tee f : 
hypophysoaltract A X N) / Wo 

Olfactory tract ANN WA X Red nuclei 
Suprachlasmatic nuclous ZEN 5 EZ pata y 
A N 4 i und! 4 

Optic nerve ap fe parang \ i EA g be A 

d a 

Optic chiasm A 

Hypothalmo~ _ ptr i a n at poe Modia! nucleus Dorsal “all> 

hypophysealtract Supraoptic/ i r EEEE AA and fateral fongltudina Ejip 


nuclous HI| and infundibulum prone Sonon, ', 
Pars tuberalls-# If Pitultar Dascending 4] 
MIA stak hypothalamic 

| connactions 


Fort: 


Anterior Posterior Pons 
pitultary ii pitultary 


Roticular 
formation 


Intermodiate lobe Zone ol basophil invasion 
( pars intormodia ) 


Figure 12.18 A diagrammatic representation of the hypothalamic nuclei, 
Supraopticohypophysial and paraventriculohypophysial tracts, as well as t 


tuberohypophysial tract. The former carry vasopressin and oxytocin along 
posterior lobe, whereas the latter carries hypothalamic releasing and_ inhi 
the median eminence, where they enter the portal system for transport t 


The supraoptic nuclei are located superior to the optic tracts, whereas th 
paraventricular nuclei lie ventromedial to the fornix and abut the walls of 
(Figure 12.19 ). Due to their predominant composition of large neurons m 
Aum, these are termed magnocellular nuclei (Figure 12.20 ). Each contail 
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vasopressin- and oxytocin-producing neurons, but only one hormone is pri 
neuron. Their axons form the supraopticohypophysial and _ paraventriculo 
which carry vasopressin and oxytocin (the two so-called neurohypophysial 
as their respective carrier proteins, the neurophysins, to the posterior lob 
gland. Oxytocin and vasopressin, both nonapeptides, are synthesized as 
which include in their structure the cysteine-rich neurophysin carrier prot 
and neurophysin Il, respectively. The precursor molecules are packaged 
granules within the Golgi apparatus and transported by axoplasmic flow 
axons to nerve terminals in the posterior pituitary lobe, where they are r 
circulation by a calcium-dependent exocytosis (31 ). Large intra-axonal < 
these hormones, named Herring bodies, are often visible by light microsc 
granular structures that appear eosinophilic on hematoxylin and eosin (Hé 
12.22 ). In transit from the hypothalamus to the posterior lobe, prohorm 
extensive processing and cleavage to form the final products, vasopressir 
Although these hormones differ by only two amino acids, oxytocin exhibit 
antidiuretic activity, and vasopressin has negligible oxytocic effect. Oxyto 
a€cemilk let-down reflexa€* by stimulating contraction of myoepithelial 
terminal mammary lobules. In addition, it serves a role in parturition, bil 
contraction in the final stages of parturition. The major physiologic role c 
called antidiuretic hormone (ADH), is the formation of hypertonic urine. A 
adenosine 
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monophosphate, vasopressin increases the water permeability of renal cc 
allowing the hypotonic intraductal fluid to equilibrate with the hypertonic © 
medullary interstitium. The results are concentrated urine and conservatio 


Damage to the neurohypophysis from head trauma, surgery, inflammatory 
neoplasms may destroy vasopressin-producing neurons and cause diabete 
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Figure 12.19 Coronal whole-mount section through the hypothalamus an 
paraventricular nuclei are visible as darkly staining areas beneath the epe 
ventricle (upper field ), whereas the supraoptic nuclei lie above the heav 
tracts. The arcuate nucleus lies inferior to the base of the third ventricle 


Figure 12.20 Paraventricular nucleus of the hypothalamus.A. Its high de 
a characteristic of magnocellular nuclei (H&E, original magnification A—1 
cell bodies stain positively for vasopressin (immunostain, original magnif 
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Figure 12.21 Periventricular nucleus. A. Lying beneath the ependyma of 
(bottom left), this ill-defined nucleus is composed of small nerve cell bod 
magnification A—63). B. Its constituent neurons stain for CRH, a tropic F 
its effect on corticotrophs in the anterior lobe (immunostain, original me 


Figure 12.22 Pituitary stalk. Axonal swellings termed Herring bodies ché 
A. They are distinguished by their ovoid shape and granular character on 
lower right; arrows ]. Herring bodies represent intra-axonal accumulations 
vasopressin-containing granules en route to the posterior lobe (H&E, ori 
A—100). B. Herring bodies staining for vasopressin (immunostain, origin 


A—100). 


The second component of the hypothalamohypophysial system is the tuk 
Its fibers originate in a number of hypothalamic nuclei lying within the we 
third ventricle and tuberal region (29 ) (Figures 12.18 ,12.19 , 12.21 ). | 
nuclei, targeted for the anterior pituitary, consist of releasing and inhibit 
the magnocellular neurons of the supraoptic and paraventricular nuclei, tt 
neurons and for this reason are termed parvicellular neurons (Figure 12.2 
project to the median eminence, a highly vascular zone, located in the p 
portion of the pituitary stalk. Here, the hypothalamic hormones are releas 
portion of the portal system for transport to the anterior lobe. Ultrastruct 
eminence consists of closely packed nerve terminals containing membrar 
neurosecretory granules. Because the terminals lie in close proximity to 
capillaries that form the origin of the portal system, the overall anatomic 
permits ready entry of hypothalamic releasing and inhibiting hormones ar 
modulators into the portal system and consequently the anterior lobe. Tr 
hormones include five peptide hormones: corticotropin-releasing hormone 
hormone-releasing hormone (GHRH), somatostatin, gonadotropin-releasing 
LHRH), and thyrotropin-releasing hormone (TRH). The sites of synthesis c 
hypothalamic hormones, their characteristics, and target cells are summa 
and 12.2 . In addition to these hormones, several bioactive substances pr 
hypothalamus participate in the regulation of anterior pituitary hormone : 
significant one is dopamine, which has a tonic inhibitory control of pituita 


Growth hormone (GH) 

Growth hormone-releasing hormone (GHRH) 
Somatostatin 

Prolactin (PRL) 

Thyrotropin-releasing hormone (TRH) 
Vasoactive intestinal peptide (VIP) 
Dopamine 

Adrenocorticotropin (ACTH) 
Corticotropin-releasing hormone (CRH) 
Arginine vasopressin (AVP) 

? 

Follicle-stimulating hormone (FSH) 
Gonadotropin-releasing hormone (GnRH) 


? 
Luteinizing hormone (LH) 
Thyroid-stimulating hormone (TSH) 
Thyrotropin-releasing hormone (TRH) 
Somatostatin 


Hypothalamic Hormone 


Affected Pituitary Hormone Stimulatory Inhibitory 


Table 12.1 Pituitary Hormones and Hypothalamic Stimulatory 
Hormones 


Adenohypophysis 


The pituitary is a tan to brown, bean-shaped structure varying in weight fi 
(Figure 12.1 ). An average-sized gland of 600 mg measures about 13 A— 
Generally, the weight of the female pituitary is greater than that of the m 
females, the gland is smaller in nulliparas than in multiparas. In pregnanc 
Significantly (up to 30%) primarily as a result of lactotroph cell hyperplas 
anterior lobe comprises 80% of the pituitary and includes the pars distal 
tuberalis. The body and stalk of the gland are surrounded by a delicate c 
the meninges (35 ). Staining characteristics roughly divide the pars distal 
mucoid wedge and two lateral wings, zones best visualized in coronal an 


By light microscopy, the cells of the anterior lobe show variation, not only 
but also in their histochemical staining characteristics (Figure 12.23 ,12.z 
arranged in nests, cords, and small acini bounded by an interlacing capillé 
best seen on reticulin stain (see Figure 12.17 ). This architectural pattern 
hyperplasia and conspicuously absent in adenomas, is of considerable di 
The pars intermedia, poorly developed in humans, consists in large part 
Spaces containing periodic acid-Schiff (PAS)-positive colloid; the constitue 
goblet, and endocrine; the last show variable immunoreactivity 
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for pituitary hormones (36 ) (Figure 12.25 ). Incidental Rathke's cleft ren 


majority of which are microscopic in size, are present in 30% of pituitarie 
them are located in the intermediate lobe (37 ). 


Growth hormone-releasing hormone 

GHRH 

Arcuate nucleus 

? 

Thyrotopin- releasing hormone 

TRH 

Widely distributed in CNS with concentration in ventromedial, dorsal, anı 
nuclei, particularly on left 

Brain and spinal cord, fetal pancreatic islet cells, intestine neuroendocrine 
Gonadotropin-releasing hormone or luteinizing hormone-releasing hormor 
GnRH or LHRH 

Widespread distribution with concentration in the arcuate, ventromedial, 
paraventricular nuclei 

Brain (limbic system), breast (lactation), placenta 

Corticotropin-releasing hormone 

CRH 

Periventricular, medial paraventricular nuclei; co-localized with arginine 
Brain (cerebral cortex, limbic system, brain stem, spinal cord) 
Somatostatin or Growth hormone-release inhibiting hormone 


Periventricular nucleus, paraventricular (parvocellular neurons), arcuate 
Brain, retina, peripheral nervous system, pancreatic islet cells, intestinal 
cells, thyroid, placenta 

Dopamine 


Arcuate nucleus 

Brain, GI tract 

Arginine vasopressin 

AVP 

Paraventricular, Supraoptic nuclei 
Brain 

Oxytocin 


OT 
Paraventricular, Supraoptic nuclei 
Brain 


Hormone Abbreviations Hypothalamic Sites Extrahypothalamic 


Table 12.2 Major Hypothalamic Hormones: Their Compositic 
Localization 


In H&E-stained sections, three principal cell types are identified in the nc 
acidophils (40%), basophils (10%), and chromophobes (50%) (Figures 1: 
designations reflect their staining affinities for acidic and basic dyes, witt 
cells lacking affinity for either. These reactivities form the basis of an ol 
of pituitary adenomas that offers little in specifying their hormone conten 
function. On the other hand, advances in immunohistochemistry permit r 
functional correlation (Figure 12.26 ). Numerous cells in the central or m 
basophilic and stain strongly via the PAS method. Such cells produce ad 
(ACTH) and glycoprotein hormones (LH, FSH, TSH). In contrast, most cells 
are acidophilic and are engaged either in growth hormone (GH) or, less f 
prolactin (PRL) production. The essential morphologic features of the five 
and the biochemical characteristics of the six hormones of the anterior pi 
summarized in Table 12.3 . Their ultrastructural features are presented ir 


Figure 12.23 Anterior lobe. An H&E-stained section shows chromophobic 
basophilic cells. Acidophils are most numerous in the lateral wings, where 
found in greatest number in the central or mucoid wedge. The different cı 
arranged in acinar formations that can be highlighted by reticulin stain (s 
(original magnification A—200): 


Figure 12.24 H&E-stained cytologic smear of the normal anterior lobe, 
acidophils, chromophobes, and basophils. Delicate nuclei, inconspicuous r 
cytoplasmic staining characterize normal cells and permit their distinction 
(original magnification A—100). 
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Figure 12.25 Intermediate lobe remnant. Such cysts are lined by a singl 
columnar epithelium that may be nonciliated, ciliated, mucin-producing, o 
cyst contains an eosinophilic colloid (H&E, original magnification A—100). 


NORMAL 


FSH/LH 
10% 


Figure 12.26 Preferential localization and relative frequency of functiona 
types in the normal pituitary gland. Note that gonadotrophs (LH/FSH cells 


small gland (lower right ), are distributed diffusely and show no preferer 


Somatotroph? 

Growth hormone (GH); 21,000 dalton polypeptide 

Lateral wings 

50 

Acidophilic; PAS (-) 

GH 

Lactotroph? 

Prolactin (PRL); 23,500 dalton polypeptide 

Resting cellsa€”generalized; 

Secreting cellsa€”postero-lateral wings 

15 to 20 

Acidophilic; PAS (-) 

PRL 

Corticotroph 

Adrenocorticotrophic hormone (ACTH); 4,507 dalton polypeptide 
Mucoid wedge 

15 to 20 

Basophilic; PAS and lead hematoxylin (+) 

ACTH, {2-LPH, MSH, endorphin, enkephalin 

Gonadotroph 

Follicle stimulating & luteinizing hormone (FSH & LH); 35,100 and 28,26( 
Generalized 

10 

Basophilic; PAS, lead hematoxylin, aldehyde fuchsin, and aldehyde thionir 
FSH and LH€ 

Thyrotroph 

Thyrotrophic hormone (TSH); 28,000 dalton glycoprotein 
Anterior mucoid wedge 

<5 

Same as for gonadotroph 

TSH 

a The tinctorial characteristics of normal pituitary cells depend on adequi 


granulae storage. If sparsely granulated, cells that are otherwise function 
nonreactive or a€oechromophobic.a€e 

b Rare acidophillic stem cells (presumed somatotroph and lactotroph prec 
both GH and PRL) are present in the normal pituitary. 

c Many gonadotrophs are capable of producing both FSH and LH, althougt 
immunohistochemical and ultrastructural evidence suggests that some gc 
produce only one hormone. 


Cell Percentage Histochemical In 
Type Product Location of Cells Staining? 


Table 12.3 The Normal Anterior Pituitary: Morphologic and Funct 
Secretory Cells 
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Somatotroph 

Densely granulated (resting phase) 

+++,+¢+ +++ 

Medium, spherical oval 

Spherical and central, with prominent nucleoli 

Lucent 

+ 

+ 

Abundant; dense, spherical; closely apposed limiting membrane; no exocy 
nm (range 250 to 600 nm) 

Somatotroph Sparsely granulated (secretory phase) 

+, + + 

Medium, spherical oval 

Irregular 

Lucent 

+++ 

+++ 

Peripherally disposed 

Sparse; dense, spherical; closely apposed limiting membrane; no exocytos 


(range 250 to 600 nm) 

Lactotroph Densely granulated (resting phase) 

+++,¢+ +++ 

Large, polyhedral-elongate 

Oval-elongate 

Lucent 

+ 

+ + 

Abundant; dense, spherical-oval, irregular; occasional exocytosis; 500 to 
Lactotroph Sparsely granulated (secretory phase) 

+, ++ 

Medium, polyhedral-elongate 

Oval 

Lucent 

+ + +, + + + + Juxtanuclear 

+ + + + a€ceNebenkerna€* formation 

Sparse; dense, irregular; frequent normal and misplaced exocytosis 200 t 
Corticotroph 

++,+ ++ 

Medium, — oval- polygonal 

Spherical, | eccentric 

Electron-dense; cytoplasmic type | microfilaments; large lysosomes 
+ + 

+ +, + + + Dispersed, slightly dilated 

Variable density, spherical-irregular; frequently peripheral; no exocytosis; 
(range 250 to 700 nm, rarely 1,000 nm) 

Gonadotroph 

+ + 

Medium, oval 

Spherical, eccentric 

Lucent 

+ +, + + + Prominent, globular 

+ +, + + + Stacked or dispersed and slightly dilated 

Dense, spherical; no exocytosis; 250 to 400 nm; 


Thyrotroph 

+, + + 

Medium, polygonal 

Spherical, eccentric 

Lucent; scattered lysosomes 

+ +, + + + Globular, with numerous vesicles 

+ + + Short dispersed profiles 

Dense, spherical; frequently peripheral; no exocytosis; 150 nm 


Cell 
Size R€ 
Cell and Golgi Endo 


Type Granularity Shape Nucleus Cytoplasm Complex Reti 


Table 12.4 The Normal Pituitary: Ultrastructural Features 


P.334 


ak 
Figure 12.27 Somatotrophs. A. By H&E stain, somatotrophs are medium 
abundant, eosinophilic and granular cytoplasm GH. Somatotrophs comprise 
lobe cells (original magnification A—200). B. The strong staining reaction 
numerous secretory granules present at the ultrastructural level (see Figu 
(immunostain, original magnification A—200). 


Somatotroph cells. 


Somatotrophs, or GH cells, occur in greatest density in the lateral wings 
approximately 50% of all adenohypophysial cells. A minority of somatotro 
scattered throughout the median portion of the gland. They are medium- 
with round, centrally located nuclei, relatively prominent nucleoli, and wi 
acidophilic granules (Figure 12.27 ). Immunohistochemical stains for GH 
diffuse cytoplasm staining, consistent with the numerous secretory granul 
ultrastructural level (Figures 12.27 ,12.28 ). Somatotroph cells are rathe 
and their number, morphology, and immunoreactivity are unchanged by ¿ 


The product of GH cells has extensive effects by direct action of GH and 
mediators of hepatic origin called somatomedins (insulin-like growth facto! 
Growth hormone functions as the major promotor of growth but also in s 
metabolic pathways, including glucose, insulin, and fatty acid. The pulsatil 
from the anterior lobe is under the control of the two hypothalamic regu 
growth hormone releasing hormone (GHRH) and somatostatin (growth h 
inhibiting hormone). The GHRH controls GH synthesis by regulating transc 
via control of cAMP levels. Somatostatin appears to determine the timing 
pulses but has no effect on GH synthesis. Hypersecretion of GH in childre 
whereas its overproduction in adults leads to acromegaly. 
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Figure 12.28 Densely granulated somatotrophs (GH cells) showing promi 
numerous 200- to 500-nm secretory granules (original magnification A— 


Lactotroph cells. 


Lactotrophs, or PRL cells, comprise approximately 20% of anterior pituitar 
concentrated in the posterior portions of the lateral wings. Histologically, 
acidophilic (densely granulated) or chromophobic (sparsely granulated). 

are more numerous, are located predominantly in the posterior lateral wi 
elongate processes, and, despite an abundance of endoplasmic reticulum 
Golgi complexes, contain relatively few cytoplasmic granules (Figures 12. 
Table 12.4 ). Densely granulated lactotrophs are thought to represent a 

whereas sparsely granulated cells are engaged in active secretion. A cha 
PRL staining of lactotrophs by immunohistochemistry, the so-called â€œC 
the presence of paranuclear staining corresponding to PRL in the Golgi ar 
12.29 ). 


With the exception of pregnancy and lactation, there is no significant diffe 
number between males and females. The doubling in volume of the _ pituit 
is due to striking hyperplasia as well as hypertrophy of chromophobic lac 
pregnancy cells. They persist until shortly after delivery or the terminatio! 
). Prolactin cell hyperplasia also may accompany estrogen administration 
(32 ). The existence of mammosomatotrophs, cells engaged in PRL and G 
possessing unique ultrastructural features, attests to the existence of a 

relationship between PRL and GH cells (38 ). 


Prolactin secretion is unique among the anterior pituitary hormones in tha 
hypothalamic 
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inhibition by dopamine (hypothalamic PRL-inhibitory factor, or PIF) produc 
tuberoinfundibular dopamine neurons. Several prolactin-releasing factors 
secretion, including TRH and vasoactive intestinal peptide (VIP). A fragmer 
been shown to inhibit PRL release. Prolactin synthesis is also regulated b) 
on PRL gene expression. Disruption of the hypothalamus or the hypothe 
stalk may impede dopamine delivery to the anterior lobe, causing hyperr 
phenomenon termed a€oestalk effect.a€* Common situtations are any sji 
or parasellar mass (e.g., pituitary macroadenoma, Rathke's cleft cyst, cr 
glioma) that compresses the pituitary stalk. The most striking example of 


hyperprolactinemia that follows surgical transection of the stalk, a practic 
once used in the past for the treatment of metastatic breast cancer (39 ). 


a a” 

Figure 12.29 Lactotrophs. Lactotrophs comprise 15% to 20% of anterior 
majority are sparsely granulated, angular cells with processes that may v 
cells. Many lactotrophs in this field show paranuclear staining, a pattern 
in the Golgi apparatus (PRL immunostain, original magnification A—100). 


Figure 12.30 Sparsely granulated PRL cell. Note the abundant cisternae 
endoplasmic reticulum and the prominent Golgi complex containing pleor 


granules. Mature PRL granules range in size from 200 to 350 nm (originé 
A—8,700). 


Prolactin acts through specific prolactin receptors in multiple tissues, incl 
ovary, testis, and prostate. The main site of PRL action is in the breast, ' 
the formation of casein, lactalbumin, lipids, and carbohydrates, all essent 
breast milk. During pregnancy, high levels of estrogen, progesterone, pla 
PRL induce acinar development and promote milk formation. As previously 
secretion is under the control of oxytocin, a potent stimulator of myoepit 
in breast tissue. 


Corticotroph cells. 


Corticotrophs, or ACTH cells, comprise 15% to 20% of adenohypophysial « 
numerous in the mid- and posterior portions of the mucoid wedge (Figure 
Histologically, corticotroph cells are polygonal, medium- to large-sized, ar 
12.31 ). A paranuclear vacuole that corresponds to one or several lysoso! 
ultrastructural level is 

P2330 
typically seen in the cytoplasm (Figure 12.32 ) (36 ,40 ). Corticotroph cel 
positive due to a carbohydrate moiety contained in proopiomelanocortin ( 
precursor molecule of ACTH. In immunostained preparations, corticotrophs 
contain not only ACTH (Figure 12.31 ) but also other POMC derivatives, 
(i2-LPH), melanocyte-stimulating hormone (MSH), endorphin, and enkepl 
bundles of cytokeratin filaments are also a characteristic feature of ACTH 
Under conditions of glucocorticoid excess, either exogenous or endogeno 
accumulate cytokeratin as a manifestation of Crooke's hyaline change (Fic 


Figure 12.31 Corticotrophs (ACTH cells). A. Corticotrophs comprise about 
anterior lobe cells and are mainly located in the mucoid wedge. By H&E 
are basophilic cells with ovoid to polyhedral shape and central nucleus. Mi 
vacuole near the nucleus, representing a massive lysosome (original ma 
Note the clustering of cells, a characteristic feature of corticotrophs (ACI 
original magnification A900). 


s 


Figure 12.32 Corticotroph (ACTH cell). The cell contains the typical large 
spherical to slightly pleomorphic and variably electron-dense secretory g 
150 to 450 nm. Bundles of intermediate filaments (arrows ) are a regular 
corticotrophs. The adjacent cells with small granules are likely TSH cells 
magnification A—8,250). 


Figure 12.33 Crooke's hyaline change. A. Crooke's cells (arrows ) are cl 
conspicuous eosinophilic perinuclear ring consisting of cytokeratin (H&E, 
A—100). B. ACTH stains show central displacement of the nucleus and or 
accumulation (ACTH immunostain, original magnification A—100). C. Stai 
show strong reactivity of the Crooke's cells (CC immunostain, original m 


Adrenocorticotropin (ACTH), the principal product of corticotrophs, stimuli 
cortex to secrete glucocorticoids, mineralocorticoids, and androgens (32 
role in both the transport of amino acids and glucose into muscle, as well 
insulin release from the pancreas. Pituitary ACTH secretion is 
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regulated by hypothalamic corticotropin-releasing hormone (CRH) and ar 
(AVP). Adrenocorticotropin is part of a larger precursor molecule, proop 
(POMC), which is enzymatically cleaved in the anterior pituitary into {2-LPI 
intermediate lobe, ACTH is cleaved into melanocyte-stimulating hormone 


ACTH-like peptides. Excess secretion of ACTH, such as occurs in Cushing's 
stereotypic abnormalities such as truncal obesity, hypertension, diabetes 
amenorrhea, hirsutism, muscle atrophy, striae, impaired wound healing, < 
changes. Hyperpigmentation also may occur in this setting and is due to t 


Figure 12.34 Crooke's cell. This electron micrograph of the pituitary adja 
corticotroph cell adenoma displays massive accumulation of cytokeratin 

granules are displaced to the perinuclear zone or to the periphery of the 
large lysosome in the lower portion of the field (original magnification A- 


Thyrotroph cells. 


Thyrotrophs, or TSH cells, are located primarily in the anterior part of the 
comprise only 5% of adenohypophysial cells (41 ). They are medium size 
elongate (Figures 12.35 ,12.36 ). Like corticotrophs, normal TSH cells are 
PAS positive (see Table 12.4 for ultrastructural features). 


Thyroid-stimulating hormone (TSH, a glycoprotein hormone) binds to thy! 
RNA and protein synthesis and thereby the production of thyroglobulin ar 
Like the other two glycoprotein hormones of the pituitary [luteinizing horr 
follicle-stimulating hormone (FSH)], TSH consists of two noncovalently bc 
(I+) and beta (Î2). The f+-subunit is common to all three glycoprotein he 
subunit is specific for each hormone and confers biological specificity. Sec 


regulated by both hypothalamic hormones and circulating thyroid hormor 
releasing hormone (TRH) stimulates TSH release, while somatostatin and 
TSH secretion. In the setting of primary hypothyroidism, thyrotrophs unc 
and hyperplasia. When excessive, the response may produce sufficient hy 
pituitary gland to mimic adenoma. Pituitary adenomas that elaborate TSH 
occur in the setting of hypothyroidism (36 ), although a minority result | 


Figure 12.35 Thyrotroph (TSH cell). Thyrotrophs are medium-sized angu 
demonstrating elongate processes. They comprise only about 5% of ante 
cells and show strong TSH immunoreactivity (TSH immunostain, original 
A—100). 


Gonadotroph cells. 


Gonadotrophs, or FSH and LH cells, comprise 10% of the adenohypophysi: 
affinity for both basic and PAS stains, and generally are evenly distribute 
anterior lobe. Immunohistochemical and ultrastructural studies have shown 
may be produced in isolation or by the same cell (42 ) (Figures 12.37 ,12 
for ultrastructural features). In the daily practice of surgical pathology, 
against the specific {2-subunits of LH and FSH are universally applied. In 
P.338 
against the Î+-subunit of the glycoprotein pituitary hormones (LH, FSH, al 
determination of abnormal production and/or secretion of this subunit ho 


Figure 12.36 Thyrotroph (TSH cell). This micrograph of the normal ante 
the characteristic elongate thyrotrophs, the large lysosomes frequently ob 
this type, and small (150-nm) peripherally located secretory granules. Par 
(CC) is also shown (original magnification A—5,300). 
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Figure 12.37 Gonadotroph (FSH/LH cell). Gonadotroph cells manufacture 
The paucity of strongly staining cells in this field reflects the fact that onl 
lobe secretory cells are gonadotrophs (FSH immunostain, original magnif 


E 


Both LH and FSH play distinct but essential roles in the reproductive phys 


females. Secretion of these hormones from the gonadotroph cells is regu 
of the GnRH (LHRH) signal and feedback effects of gonadal steroids and 
follistatin and activin (43 ). GnRH (LHRH) interacts with a membrane rece 
LH and FSH release and synthesis, and it is necessary for gonadotroph c 
steroids and peptides are ineffective alone in stimulating release. In the f 
required for ovulation and follicular luteinization. In males, it stimulates 
cells to produce testosterone. Follicle-stimulating hormone promotes follic 
the female, whereas in the male it induces Sertoli cells to produce an ar 
protein. 


Figure 12.38 Gonadotroph (FSH/LH cell). The dull, low-contrast appearan 
typical of gonadotrophs. Their spherical and slightly irregular secretory g 
characteristic; they have variable electron density and measure 250 to 40 
process surrounding the gonadotroph likely belongs to a thyrotroph (oric 
A—8,250). 
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Figure 12.39 Anterior pituitary, pars tuberalis. Squamous metaplasia of 
common feature of this portion of the gland. 


Par  Tuberalis. 


The pars tuberalis, an upward extension of the anterior lobe along the pi 
composed of normal acini of pituitary cells scattered among surface porta 
often show immunoreactivity for ACTH, FSH, LH, and {+-subunit. Althougt 
they may or may not differ from similar cells in the pars distalis, these ce 
tendency to undergo squamous metaplasia (Figure 12.39 ) (44 ). 


Follicles are not an uncommon feature of the normal anterior pituitary. T 
constituent cells, termed follicular cells, appear to be derived in large par 
secretory cells (Figure 12.40 ). Ultrastructurally, they are 
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often poorly granulated or agranular and linked by apical junctional com 
follicular lumina, one often finds cellular debris (Figure 12.41 ). The stim 
formation is therefore thought to be damage or rupture of anterior lobe s 


Figure 12.40 Anterior pituitary, follicle formation. A. Follicles, some con 
quantity of colloid-like material, are commonly found in the anterior lobe 
magnification A—100). B. Follicles show prominent apical staining for ep 
antigen (EMA) (EMA immunostain, original magnification A—100). 


Figure 12.41 Electron micrograph of a pituitary follicle. This young follic 
debris within its lumen. The gonadotroph (G), but not the corticotroph (C) 
follicle. Follicles are composed of granulated adenohypophysial cells that, 
formation of junctional complexes (arrows ), Surround damaged adenohy 
(original magnification A—12,600). 


Folliculostellate cells. 


The folliculostellate cell is the sixth cellular element of the adenophypopt 
sustentacular-like cell that appears to have multiple functions related to 
secretion of growth factors (46 ,48 ). They comprise less than 5% of the 
are scattered about the anterior lobe, and contribute to the formation of 
and cysts of the intermediate lobe. They are readily identified by their re 
protein (Figure 12.42 ), and can also be identified by glial fibrillary acidic 
vimentin. They participate in regulating the activity of anterior pituitary | 
through the production of cytokines (such as interleukin-6, and leukemia 
and growth factors (including basic fibroblast growth factor and vascular 
factor) (48 ). Additionally, ultrastructural and immunohistochemical studie 
adenomatous and nonneoplastic pituitary folliculostellate cells suggest tha 
represent an adult stem cell progenitor population (47 ,48 ). 


Variation in Normal Morphology of the Adeno 


A number of normal histologic variations in the pituitary gland may mimi 
lesions. Examples include squamous cell nests in the pars tuberalis, basor 
posterior lobe, granular cell clusters and tumorlets of the stalk and neur 
Salivary gland rests. 


Figure 12.42 Anterior lobe folliculostellate cells. Folliculostellate cells cor 
of anterior lobe cells and are scattered throughout the pituitary, includinc 
lobe zone. Folliculostellate cells staining for S-100 protein, GFAP, and vir 
immunostain, original magnification A—100). 


Squamous cell nests show a definite predilection for the pars tuberalis; tr 
in up to 24% of autopsy cases, occur more commonly in elderly patients, 
predilection (49 ). They arise through a process of metaplastic transform 
adenohypophysial cells, as evidenced by simultaneous expression of kerai 
hormones, most often FSH, LH, or ACTH (44 ) (Figure 12.39 ). Because : 
also may accompany foci of ischemic infarction in the anterior lobe, it app 
inherent property of pituitary secretory cells. 


Basophil invasion, a finding more common in males and the elderly, may 
an adenoma. It consists of corticotrophic basophils extending from the pë 
the neurohypophysis (Figures 12.43 ,12.44 ). Similar to ordinary corticot 
basophilic cells are immunoreactive for ACTH, Î2-LPH, endorphins, and ot 
derivatives; however, they contain few cytokeratin filaments and are less 
Crooke's hyalinization in response to hypercortisolism (36 ). 


Salivary gland rests appear as tubular glands upon the surface or in the : 
neurohypophysis, often just posterior to the pars intermedia (Figure 12.4 


composed of a single layer of cuboidal to columnar epithelium with basall 
finely granular, strongly PAS-positive cytoplasm. Salivary gland rests are 
Their ultrastructural features include well-developed rough endoplasmic 

droplets, microvilli, and desmosomes, all of which support the contention 
Salivary glands (50 ). 


P.340 


Figure 12.43 Basophil invasion. A. This subpopulation of corticotroph cel 
infiltrate the substance of the posterior lobe (H&E, original magnification 
invading cells are strongly immunoreactive for ACTH and other POMC der 
(ACTH immunostain, original magnification A—40).] 


Age-Related Changes of the Adenohypophysis 


The cytology of the anterior pituitary varies with age. For instance, the la 
pituitary gland shows PRL cell hyperplasia, a reflection of high maternal 
when compared with the adult pituitary, the prepubertal gland shows gor 
be poorly developed. In adults the pituitary undergoes several changes w 
(51.52): 


With few exceptions, the main one being pregnancy, the gland weight rer 
throughout life, decreasing only slightly in the elderly due to anterior lob 
results in a doubling of the size of the pituitary due to gradual increase i 
PRL cells (a€oepregnancy cellsa€* ) (53,54 ) (Figure 12.46 ). The increa 
cells during pregnancy appears to result not only from proliferation of PRL 
recruitment of GH cells to PRL production (55 ). This increase in PRL-proc 


part a hyperplasia, gradually disappears within months after delivery or < 
is often incomplete; hence, the pituitaries of multiparas are larger than tk 
were never pregnant. Pregnancy also results in a significant decrease of 
immunoreactivity, a reflection of the production of gonadotropic hormones 


Figure 12.44 Basophil invasion. A. PAS staining (original magnification . 
immunostain (original magnification A—63). 


The effects of age on the cellular contents of several pituitary hormones 
Specifically, GH and PRL cells have been shown to undergo no significant 
granularity, distribution, or immunoreactivity with increasing age (56 ,57 
TSH cells also appear to be unaffected by age, but no data are available 
of senescence on FSH and LH cells. Small foci of lymphocytes, usually in 
lobe, are present in about 40% of adult pituitaries but are conspicuously 
and very young children (51). 


Fibrosis is the most frequent age-related change in elderly patients. It is 
perivascular in distribution (Figure 12.47 ) 
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but iS on occasion patchy, suggesting a remote microinfarct. Interstitial 
deposits of amyloid have been demonstrated in the majority of autopsy-« 
pituitaries (58 ). Immunohistochemically, these reacted for antiamyloid la 
chain and amyloid P component. The mean volume percentage of such de 


approximately 0.5% of the anterior lobe. The occurrence of amyloid and i 
deposition was related not only to patient age but also to the prevalence 
obstructive pulmonary disease and to nona€“insulin-dependent diabetes 


Figure 12.45 Salivary gland rest in the posterior lobe. The glands are co 
layer of cuboidal to columnar epithelium with basally oriented nuclei and 
positive cytoplasm. Salivary gland rests are encountered both on the surfé 
posterior lobe, where it abuts the intermediate lobe zone (H&E, original 
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Figure 12.46 The pituitary in pregnancy features abundant pale chromory 


(pregnancy cells) (H&E, original magnification A—100). 


Neurohypophysis 


As a functional unit, the neurohypophysis consists of the infundibulum, p 
posterior lobe. The posterior lobe, a ventral extension of the central nervi 
site of release of the hypothalamic hormones oxytocin and vasopressin. | 
consist of unmyelinated axons originating from the supraoptic and parave 
to a lesser extent, from cholinergic neurons of the hypothalamus, an ext 
network, and specialized glial cells termed pituicytes (Figure 12.48 ). 


Figure 12.47 Perivascular fibrosis is a common feature of the aging pitu 
magnification © A—100). 


Pituicytes, the most numerous cells of the neurohypophysis, are morpho 
uni- or bipolar cells that display the prolongation of the cytoplasm into on 
processes. Pituicytes are strongly positive for glial fibrillary acidic protein 
12.48 ), as well as S-100 protein and vimentin. Similar to glial cells of ot 
central nervous system, pituicytes expand processes to adjacent connectiv: 
blood vessel wall. Pituicytes appear to exist in five principal forms: majo! 
oncocytic, and granular (59 ). Their morphologic diversity, ranging from | 
ependymal, is thought to be a reflection of their physiologic role, which as 


Ja 


Histologically, the axons of the posterior lobe are readily identified using 
immunostains for 
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neuronal markers. Focal axonal dilatations, known as Herring bodies, rel 
accumulations of posterior lobe hormones (Figure 12.22 ). At the ultrastr 
unmyelinated axons appear as delicate fibers, measuring 0.05 to 1.0Au 
contain longitudinal arrays of microtubules and neurofilaments. Two type! 
axon, A and B, have been described based on the morphology of their n 
granules. Type A fibers, far more numerous than type B, contain 100- to 
vasopressin granules, whereas type B fibers, likely aminergic in nature, ı 
ranging from 50 to 100 nm (61 ). Neurosecretory fibers are closely assoc 
their axons often being ensheathed by them (Figure 12.49 ). 


Figure 12.48 Posterior lobe. A. Pituicytes have elongated nuclei disperse 
of the neurohypophysis (H&E, original magnification A—100). B. These c 
for glial fibrillary acid protein (GFAP) (GFAP immunostain, original magni 


Figure 12.49 Pituitary, posterior lobe. This electron micrograph shows < 
containing neurosecretory granules of varying electron density. A granula 
containing numerous prominent lysosomes lies in close proximity to the 
(arrow ). The intravascular space is bounded by fenestrated endothelial cı 
Outside the endothelium lies the perivascular space, a region containing a 
(not shown here), including pericytes, histiocytes, fibroblasts, and mast 
magnification A—6,200). 
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The most important function of the neurohypophysis is the transfer of h« 
from neurosecretory granules to the intravascular space. The complex anc 
neuronal, vascular, and perivascular compartments forms the basis for tł 
Beginning at the neuronal side, neurohormonal factors appear to be relea 
channels that traverse the outermost, or abluminal, basement membrane 
communicate with the perivascular space. They then traverse the inner, | 
membrane and endothelium in order to gain access to the vascular space 


). 


Variation in Normal Morphology of the Neuro 


Granular cell nests or tumorlets, most located in the stalk or posterior lok 
about 6% of autopsy pituitaries and are more common among the elderly 
scattered cells to compact tumorlike nodules, they are composed of plum 
acidophilic and strongly PAS-positive cytoplasm and relatively small nuclei 
Only rarely do granular cells form clinically significant tumors (64 ). The 
tumorlets and tumors of the neurohypophysis is uncertain. In rare cases, 
immunoreactivity has been shown, providing some evidence of the hypott 
granular cell nests may originate from pituicytes (65 ). 


Figure 12.50 Pituitary stalk, granular cell tumorlets. A. Low-power view 
two tumorlets. The optic chiasm is at the upper portion of the field; the a 
lower portion of the field (H&E, original magnification A—20). B. High-pov 
granular cell tumorlet. Such nodules are composed of pituicytes, modified 
abundant lysosome-rich eosinophilic cytoplasm. Tumorlets, as well as ind 
are of no Clinical significance (H&E, original magnification A—100). 
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Differential Diagnosis 


The principal consideration in differential diagnosis of pituitary lesions is 


normal pituitary tissue from adenoma. The most conspicuous architectural 
adenohypophysis is the arrangement of its cells in acini that, depending « 
section, vary from round to oval or somewhat elongate. The acini are sur 
reticulin- or PAS-positive capillary network (Figure 12.17 ). In contrast, 
lack this uniform acinar architecture, showing only scant reticulin that is 
vessels (Figure 12.51 ). Although most normal pituitary acini are heterog 
cellular content, thus permitting the distinction of normal from adenomato 
sections alone, some parts of the pituitary contain largely a single cell ty; 
monomorphous. For instance, eosinophilic GH cells are present in large nt 
wings. On the other hand, occasional adenomas composed of mixed cell 
ones associated with acromegaly) superficially resemble normal adenohyp: 
the distinction of normal from adenomatous tissue may be more easily ac 
reticulin staining than by immunohistochemistry alone. Small biopsies of 
may include the so-called basophilic infiltration normally seen in the posi 
(Figures 12.43 ,12.44 ). Since these basophilic cells are arranged diffusel 
lack the typical acinar formation seen in the anterior pituitary, they may 
ACTH-microadenomas. 


A limited biopsy of the pituitary may occasionally include intermediate zor 
normal derivatives of Rathke's cleft. Correlation with radiologic and operē 
obviates confusion with Rathke's cleft cyst. Clinically significant cysts are 
neuroimaging and are identified as sizable cysts by the experienced surg 
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Figure 12.51 Disruption of the reticulin network in a pituitary adenoma. 
pattern of the normal adenophypophysis (upper left ) with the adenoma ( 
(wilder reticulin, original magnification A—100). 


As previously noted above, adenohypophysial cells may undergo squamol 
particularly in the pars tuberalis. This location is only occasionally sample 
Specimens. Scant in extent, intimately associated with adenohypophysial 

cytologically benign, they are unlikely to be confused with either cysts (e 
cysts) or with neoplasms (craniopharyngiomas). In very small numbers, 

lymphocytes are seen in the intermediate zone of the normal pituitary in 
subjects (66 ). Unassociated with endocrine disease, such cells are readil 
the far more widespread and dense infiltrates of lymphocytic hypophysitis 


A limited biopsy of the neurohypophysis can readily be mistaken for gliom. 
majority of its nucleated cells are specialized astrocytes (pituicytes). Unl 
astrocytomas, the tumor most closely mimicked by posterior pituitary tiss 
neurohypophysis contains large numbers of axons terminating on vessels. 
some possess PAS-positive swellings (Herring bodies). Secondary involven 
by more ordinary diffuse astrocytomas is exceedingly rare. 
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Normal Eye and Ocular Adnexa 


Gordon K. Klintworth 


Thomas J. Cummings 


Introduction 


The eye and surrounding tissues are subject to a wide variety of 
primary ocular and systemic disease processes. An understanding of 
ocular anatomy will enable the general surgical pathologist to 
appreciate morphologic abnormalities and will facilitate the diagnosis 
of many of the pathologic conditions affecting those structures. 
Similar to other specimens received by the surgical pathologist, in 
some cases a discussion with the ophthalmologist who is submitting 
the tissue is important for proper handling, sectioning, and 
processing of the tissue. Proper handling of the tissue is required so 
as to not artifactually mask the diagnostic histologic features, such 
as the common age-related arcus lipoides. 


This chapter presents an overview of the normal histology of the eye 
and ocular adnexa. Several excellent texts are available for more 
detailed information on ocular anatomy and development (1,2,3,4,5). 


The eye is roughly spherical in shape and external measurements are 
routinely obtained in three dimensions. In the adult, the 
anterioposterior plane of the eye measures approximately 24 mm, 


whereas the vertical and the horizontal dimensions are both about 23 
to 23.5 mm. Located midway between the anterior and posterior 
poles of the eye is the equator of the globe. 


Several external landmarks allow the pathologist to orient the globe 
and to determine whether an eye is from the right or the left side 
(Figure 13.1). By establishing the nasal (medial) and temporal 
(lateral) sides of the globe and the superior surface of the eye, the 
side of the eye can easily be deduced. The six extraocular muscles 
(four rectus and two oblique muscles) that arise in the posterior orbit 
and run forward to insert upon the sclera are important in this 
regard. The rectus muscles arise from a fibrous ring at the apex of 
the orbit, the annulus of Zinn, and are enveloped by a fascial 
membrane that creates a cone-shaped structure posterior to 

P.348 
the globe. The levator palpebrae superioris also arises at the orbital 
apex and extends anteriorly to the eyelids. Of the extraocular 
muscles, only the inferior oblique has a muscular insertion upon the 
sclera; the other muscles have tendinous insertions. The extraocular 
muscle insertions are usually removed by the surgeon when the 
globe is excised (enucleated), but they are frequently present on 
eyes obtained postmortem. The superior and inferior oblique muscles 
are most useful in orientating the globe. The tendinous insertion of 
the superior oblique muscle behind the superior rectus muscle 
insertion indicates the top of the eye. The inferior oblique muscle 
inserts on the sclera temporally in the horizontal meridian, and its 
fibers run inferiorly toward the back of the orbit. The optic nerve is 
also useful in assessing orientation because it exits the globe slightly 
nasal to the posterior pole of the eye. Adjacent to the optic nerve, 
the prominent long posterior ciliary arteries course through the 
superficial sclera in opposite directions in a horizontal plane. 
Anteriorly, the dimensions of the cornea may be helpful in 
topographic orientation. In the adult, the cornea is elliptical in shape 
with its horizontal diameter being slightly greater than its vertical 
breadth. In young children, this difference is less apparent. 
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Figure 13.1 This drawing depicts the right eye as seen from 
behind. Several external landmarks are useful in determining 
orientation of the globe. The optic nerve (a) is located 
approximately 1 mm inferior to and 3 mm nasal to the posterior 
pole of the eye. The long posterior ciliary arteries (b) are located 
in the horizontal plane, and four vortex veins (c) exit the sclera 
posteriorly. The superior oblique muscle (d) inserts on the top of 
the globe, whereas the inferior oblique muscle (e) inserts 
temporally, and its fibers run posteriorly and nasally. The rectus 
muscles (f) insert horizontally, inferiorly, and superiorly. The 
approximate location of the macula (x), the part of the retina 
responsible for the most distinct vision, is slightly temporal to 
the optic nerve. (Reproduced with permission from: 

Hogan MJ, Alvarado JA, Weddell JE. Histology of the Human Eye: 
An Atlas and Text. Philadelphia: WB Saunders; 1971. 


Cornea. wane ite Anterior 


Pall “S\ Chamber 
a a 
iris — j “ ae 
= \ Posterior 


Chamber 
owe, 


Ciliary 


Body ~@ 


Serrata 


Vitreous Body 


Papilla of 
Optic sacks Optic 


Nerve 


re 


Choroid 


, 


Sclera 


Figure 13.2 This photomicrograph of a histologic section of an 
eye from a rhesus monkey illustrates the major tissue layers of 
the eye, the lens, the vitreous humor body, and the spaces of the 
anterior and posterior chambers. (Reproduced with permission 
from: 

Bloom W, Fawcett DW. A Textbook of Histology. 12th ed. New 
York: Chapman and Hall; 1994. 


The eye is traditionally described as having three tissue layers that 
surround the vitreous humor, the lens, and the spaces of the anterior 
and posterior chambers (Figure 13.2). The outermost part of the eye 
is composed of the transparent cornea and the opaque sclera. The 
ocular middle layer is made up of the iris, ciliary body, and the 
choroid. The innermost retina is in direct contact with the vitreous 
humor body. 


Cornea 


The transparent cornea occupies one-sixth of the anterior surface of 
the globe and refracts the entering light. Although individual 
variation is common, the cornea measures approximately 11.7 mm in 
the horizontal plane and 10.6 mm in the vertical plane. Centrally, the 
cornea is about 0.5 mm thick, but peripherally it thickens to about 
0.67 mm. Histologically, the cornea consists of six distinct layers: (a) 
the epithelium; (b) the basal lamina of the epithelium; (c) Bowman's 
layer; (d) the stroma; (e) Descemet's membrane; and (f) the 
endothelium (Figure 13.3). 


Figure 13.3 The stratified squamous epithelium of the cornea 
(arrow) overlies the basal lamina and Bowman's layer. The clefts 
within the collagenous stroma (double arrows) represent artifacts 
of tissue processing. No blood vessels or lymphatics are normally 
present within the cornea. Descemet's membrane and the corneal 
endothelium are located just posterior to the stroma. (H&E, 
A—33.) 
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The corneal epithelium, which is composed of stratified 
nonkeratinized squamous cells, is about five cell layers thick 
centrally. The peripheral cornea is often twice as thick. The basilar 
epithelial cells are polygonal in shape; and, as they become displaced 
to the corneal surface during differentiation, a more flattened 
appearance is acquired. In the normal cornea, even the most 
Superficial epithelial cells retain their nuclei. Mitotic figures are 
uncommon in the epithelium but are observed in the basal cells 


occasionally. Some Langerhans cells are present within the corneal 
epithelium, especially peripherally (6). Apoptosis is also uncommonly 
seen in the epithelium of the normal cornea. Langerhans cells are 
most readily identified by special histochemical and 
immunohistochemical methods and are not normally recognizable in 
routinely stained tissue sections. 


The corneal epithelium rests upon a basal lamina, which is difficult to 
see in hematoxylin and eosin (H&E)a€“stained tissue sections. 
Staining with the periodic acid-Schiff (PAS) reaction makes this layer 
apparent (Figure 13.4). In certain pathologic conditions, the 
epithelial basal lamina assumes an_ intraepithelial location. 


Bowman's layer is an acellular structure located just posterior to the 
epithelial basal lamina (Figure 13.4). It is approximately 8 to 14 Aum 
thick. As shown by transmission electron microscopy, Bowman's layer 
is not a true basement membrane but is composed of randomly 
oriented delicate collagen fibers. The anterior face of Bowman's layer 
ends distinctly at its junction with the epithelial basal lamina. 
Posteriorly, Bowman's layer merges inconspicuously with the 
underlying corneal stroma. Unmyelinated sensory nerves reach the 
epithelium from the stroma after crossing Bowman's layer. However, 
nerve processes are difficult to detect in the cornea in standard 
tissue sections, even with the use of special histologic techniques. 


The stroma accounts for approximately 90% of the cornea's 
thickness. It is composed of numerous layers of collagen fibers 
embedded in a _ proteoglycan-rich extracellular matrix, and the 
anterior and posterior portions of the cornea have several 
differences. The stroma contains keratan sulfate proteoglycans 
(lumican, keratocan, mimecan), as well as a galactosaminoglycan- 
rich proteoglycan (decorin). Transmission electron microscopy has 
disclosed that the corneal collagen fibers are regularly spaced and of 
a uniform diameter; this arrangement contributes to the 
transparency of the cornea. The corneal fibroblasts (keratocytes) are 
surrounded by the stromal collagen lamellae. Other cell types are 


seldom identified in tissue sections of the normal corneal stroma, but 
rarely an occasional mononuclear leukocyte or granulocyte may be 
present. The normal cornea lacks blood vessels, and its nutrition is 
obtained from an arterial plexus at the junction of the cornea and 
sclera and from direct contact with the aqueous humor of the 
anterior chamber. In tissue sections of routinely processed formalin- 
fixed corneas, clefts are almost invariably present between the 
collagen lamellae. Initially interpreted as lymphatic channels by early 
histologists, these clefts are artifacts of tissue processing. Lymphatic 
vesselS are not present in the normal cornea. 


Descemet's membrane, a true basal lamina elaborated by the 
underlying corneal endothelial cells, begins to form 

P.350 
during fetal life. At birth, it is approximately 3 to 4 Âum thick (Figure 
13.5). Basal laminar material is continuously added to the posterior 
part of Descemet's membrane throughout life so that by adulthood, 
this structure attains a thickness of approximately 10 to 12 Âum. The 
fetal and postnatal regions of Descemet's membrane differ 
ultrastructurally. This difference is occasionally discernible by light 
microscopy. 


Figure 13.4 The corneal epithelium rests upon a thin basal 


lamina (arrow), which is prominent in this section following 
periodic acid-Schiff staining. The acellular band directly 
underneath the basal lamina is Bowman's layer (double arrows) 
(PAS,A—132). 


The corneal endothelium (Figure 13.5) is directly exposed to the 
aqueous humor in the anterior chamber. Although this cell layer does 
not line blood vessels or lymphatic spaces, the term endothelium is 
firmly entrenched in the literature. These cells function as an osmotic 
pump to regulate a necessary state of stromal dehydration that 
preserves corneal clarity. Endothelial decompensation results in 
corneal edema and diminished optical transparency. The corneal 
endothelium has been shown by immunohistochemistry to be S-100 
proteina€“positive, a finding supportive of other evidence suggesting 
a neural crest origin (7). They react with the monoclonal antibody 
2B4.14.1, which recognizes the renal Tamm-Horsfall glycoprotein 
(THGP) antigen, raising the possibility that the cornea expresses a 
molecule with homeostatic properties similar to that ascribed to 
THGP (8). The endothelial cells of the cornea normally form a single 
flattened layer and, virtually, never regenerate by mitosis in human 
eyes. Under pathologic conditions (epithelial ingrowth and posterior 
polymorphous corneal dystrophy), cytokeratin-containing squamous 
cells replace the endothelium and form a layer that is more than one 
cell thick. 


After the second decade of life, age-related focal excrescences 
(Hassall-Henle warts) commonly form on the peripheral part of 
Descemet's membrane (Figure 13.6). Virtually identical focal 
thickenings occur on the central part of Descemet's membrane 
(corneal guttae) under pathologic circumstances and most notably in 
Fuchs's corneal dystrophy. The presence of excrescences on 
Descemet's membrane in tissue sections of corneal buttons removed 
at penetrating keratoplasty (full-thickness corneal transplant) is 
always abnormal. Hassall-Henle warts are too peripheral in location 


to be present in a surgically excised corneal button. 


Figure 13.5 A thin monolayer of corneal endothelial cells (arrow) 
is adjacent to Descemet's membrane (double arrows). These 
cells are in direct contact with the aqueous humor of the anterior 
chamber (H&E, A—132). 


Figure 13.6 Descemet's membrane (single arrows) is located 


immediately posterior to the corneal stroma. The excrescences 
on the peripheral portion of Descemet's membrane (Hassall- 
Henle warts) (double arrows) represent an aging change. 
Descemet's membrane also thickens with age. (H&E, A—132.) 


Corneal epithelium and endothelium are prone to being 
artifactitiously a€cerubbed-offa€* during prosection of the tissue, 
and it is important to distinguish this artifact from the true loss of 
corneal epithelium and endothelium. 


Sclera 


The sclera, which accounts for approximately five-sixths of the 
Surface area of the eye, begins at the periphery of the cornea and 
extends posteriorly to the optic nerve. The sclera's relatively rigid 
nature protects the eye from trauma and helps maintain intraocular 
pressure. Anteriorly, the sclera is visible underneath the transparent 
conjunctiva and is normally white in adults. The sclera varies in 
thickness, being about 0.8 mm thick near its junction with the 
cornea. At the insertions of the four rectus muscles (approximately 5 
to 8 mm posterior to the corneoscleral junction), the sclera is at its 
thinnest, measuring approximately 0.3 mm. From this point 
posteriorly, the sclera gradually thickens and attains its maximal 
width of about 1.0 mm adjacent to the optic nerve. 


The sclera has three components: the episclera, the stroma, and the 
lamina fusca. The episclera, its most superficial part, is located 
between the fibrous structure that envelopes the globe (Tenon's 
capsule) and the underlying scleral stroma with which it merges. The 
episclera is composed of loosely arranged collagen fibers and 
fibroblasts embedded in an extracellular matrix. Occasional 
melanocytes and mononuclear leukocytes are also present. 
Anteriorly, the episclera is richly vascularized. 


The largest component of the sclera is its stroma, which consists of 


fibrous bands of collagen, occasional elastic fibers, and scattered 
fibroblasts (Figure 13.7). The corneal 
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and scleral stroma appear similar at the light microscopic level; but, 
when viewed by transmission electron microscopy, the individual 
collagen fibers within the sclera vary in diameter and are randomly 
arranged, in contrast to the orderly packed corneal collagen fibers of 
uniform diameter. This largely accounts for the opaque nature of the 
sclera. 


Figure 13.7 The scleral stroma is predominantly composed of 
collagen fibers that vary in diameter and are in haphazard array. 
Scattered fibroblasts occur between the collagen bundles. (H&E, 
A—100.) 


Although the scleral stroma is relatively avascular, blood vessels, as 
well as accompanying nerves and scattered melanocytes, are present 
in perforating emissarial canals (Figure 13.8). The anterior ciliary 
arteries perforate the sclera near the insertion of the rectus muscles. 
Venous channels draining the iris, ciliary body, and choroid (vortex 


veins) exit the sclera several millimeters posterior to the equator of 
the eye. The posterior ciliary arteries pass through the sclera near 
the optic nerve. In some individuals, a nerve in an emissarial canal 
near the corneoscleral junction may be prominent and attain a 
diameter of 1 to 2 mm. The nodular appearance of this so-called 
nerve loop of Axenfeld may mimic a neoplasm or conjunctival cyst 
clinically (9). To the unwary surgical pathologist, this totally normal 
nerve bundle may be mistaken for a neurofibroma (10). 


Figure 13.8 This figure illustrates a blood vessel that penetrates 
the sclera and extends to the prominently vascularized choroid 
through an emissarial canal (single arrows). Pigmented 
melanocytes are also present. The fibers of the inferior oblique 
muscle are present at the site of insertion upon the outer sclera 
(double arrows). (H&E, A—50.) 


The innermost layer of the sclera, the lamina fusca, contains loose 
collagen fibers, fibroblasts, and scattered melanocytes. It represents 
a region of transition between the sclera and the underlying choroid. 
The sclera is weakly attached to the choroid below by thin fibers of 


collagen. 


With increasing age, several histologic changes occur in the sclera. 
Calcium may deposit diffusely between the individual collagen fibers 
throughout the entire scleral stroma. Localized abnormalities, known 
as senile scleral plaques, may occur just anterior to the insertion of 
the lateral or horizontal rectus muscles. These lesions are 
characterized by decreased stromal cellularity, abnormal collagen, 
and, in advanced cases, calcification (11). 


Corneoscleral Limbus 


The corneoscleral limbus, or junction, is not a distinct anatomic site 
but is a significant landmark clinically. Most surgical procedures on 
the anterior part of the eye are accomplished after access via an 
incision in the limbal area. For purposes of discussion, the trabecular 
meshwork and Schlemm's canal will be considered as part of the 
corneoscleral limbus. 


The limbus is approximately 1.5 to 2.0 mm wide, and separate layers 
of the cornea merge with components of the sclera or conjunctiva in 
this area (Figure 13.9). The squamous epithelium of the cornea 
extends centrifugally beyond the limbus until it meets the epithelium 
of the bulbar conjunctiva. At the limbus, Bowman's layer of the 
cornea blends into the subepithelial tissues of the conjunctiva, and 
the corneal and scleral stroma become continuous with each other. 
Descemet's membrane abruptly terminates in the limbal region and 
gives rise to the clinically significant landmark known as Schwalbe's 
ring. In about 15% of eyes, a prominent area of thickening is 
identified histologically at this site (Figure 13.10) (2). Immediately 
adjacent to Schwalbe's ring is the most anterior aspect of the 
trabecular meshwork. Both the trabecular meshwork and Schlemm's 
canal constitute the apparatus responsible for the removal of 
aqueous humor from the eye (Figure 13.11). Aqueous humor 
drainage occurs in the angle between the anterior surface of the iris 
and the sclera. Histologically, the meshwork appears as a collection 


of finely branching and delicately pigmented connective tissue bands. 
The cells, which line the trabecular meshwork, are continuous with 
the corneal endothelium. Posteriorly, the trabecular meshwork 
extends to a roughly triangular-shaped projection of scleral 
connective tissue, known as the scleral spur. 
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Figure 13.9 The corneoscleral limbus represents the junction of 
the peripheral cornea with the anterior sclera and is not a 

distinct anatomic site. Clinically, the limbus is an important 
landmark. The conjunctiva of the limbus (A) is composed of 
epithelium (1) and stroma (2). The thin connective tissue layer of 
Tenon's capsule (B) overlies the episclera (C). The corneal and 


scleral stroma merge gradually in the area marked D. Vessels of 
the conjunctival stroma (a, b), episclera (c), and limbal plexus 
(d, e) are illustrated. The projection of collagen fibers known as 
the scleral spur (f) merges with the smooth muscle fibers of the 
ciliary body (g). Schlemm's canal (h) and the trabecular 
meshwork (i, j) are responsible for removal of aqueous humor 
from the eye. Occasionally, processes from the iris (k) insert 
upon the trabecular meshwork. Bowman's layer (arrow) and 
Descemet's membrane (double arrows) both terminate in the 
area of the limbus. (Reproduced with permission from: 

Hogan MJ, Alvarado JA, Weddell JE. Histology of the Human Eye: 
An Atlas and Text. Philadelphia: WB Saunders; 1971. 


Figure 13.10 Schwalbe's ring is a significant clinical landmark in 
the limbal area and represents the peripheral termination of 
Descemet's membrane. Prominent Schwalbe's rings (arrow) are 
identified histologically in about 15% of eyes. (H&E, A—80.) 
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Figure 13.11 A. Located in the angle of the anterior chamber is 


© Schlemm's canal (SC) and the trabecular meshwork (arrow). 
Schlemm's canal is an endothelial channel that enables aqueous 
humor to drain from the eye. Aqueous humor reaches Schlemm's 
canal after percolating through the connective tissue strands of 
the trabecular meshwork. (H&E, A—66.) B. Structures within and 
near the angle of the anterior chamber are depicted in this 
drawing. In this illustration, Schlemm's canal (a) has two 
channels, one of which is in communication with a small 
collecting channel (b). The collecting channel is intimately 
associated with the limbal part of the trabecular meshwork (c). 
The scleral spur (d) is closely associated with the trabecular 
meshwork. Descemet's membrane terminates peripherally in the 
area denotede andg. Some components (f) of the trabecular 
meshwork arise at the ciliary body (CB). Isolated strands of 
meshwork merge with a nearby process (h) from the anterior 
surface of the iris. A muscle of the ciliary body (i) attaches to the 
trabecular meshwork (arrows). The corneal endothelium merges 
with endothelial cells of the meshwork (j). (Reproduced with 
permission from: 
Hogan MJ, Alvarado JA, Weddell JE. Histology of the Human Eye: 
An Atlas and Text. Philadelphia: WB Saunders; 1971. 
) 
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Located slightly anterior and superficial to the trabecular meshwork 
is Schlemm's canal, an endothelial-lined venous channel that 
completely encircles the limbus. Because Schlemm's canal sometimes 
gives off smaller branches, two lumens are occasionally seen on 
histologic sections of the anterior chamber angle. Although the 
trabecular meshwork and Schlemm's canal appear to be in intimate 
contact in tissue sections, they are separated from each other by a 
thin layer of connective tissue and separate endothelial linings. 
Aqueous humor percolates among the delicate beams of the 


trabecular meshwork before becoming transported to Schlemm's 
canal. Ultrastructural examination of this region discloses giant 
cytoplasmic vacuoles in the endothelial lining of Schlemm's canal, 
adjacent to the trabecular meshwork. These vacuoles are thought by 
some to contain fluid in the process of being transported from the 
trabecular meshwork into the lumen of Schlemm's canal (12). Once 
in Schlemm's canal, aqueous humor drains into the episcleral venous 
plexus by way of numerous small collector channels. Prolonged 
obstruction to the outflow of aqueous humor results in increased 
intraocular pressure and glaucoma. 


Conjunctiva, Caruncle, and Plica 
Semilunaris 


The conjunctiva is a thin continuous mucous membrane lining the 
inner surface of the eyelids and much of the anterior surface of the 
eye. In addition to its protective function, the conjunctiva allows the 
eyelids to move smoothly over the globe. The conjunctival epithelium 
is composed of two to five layers of columnar cells and rests upon a 
basal lamina. Within the conjunctival epithelium are goblet cells that 
secrete mucoid material that becomes incorporated into the tear film 
(Figure 13.12). Melanocytes are present in the basal epithelial layers 
and, like melanocytes in the skin, transfer melanosomes into 
adjacent epithelial cells. These pigmented epithelial cells are 
numerous in dark-skinned individuals (Figure 13.13). The loose, 
fibrovascular subepithelial connective tissue of the conjunctival 
stroma normally contains nerve cells, melanocytes, and accessory 
lacrimal glands. Lymphoid follicles with germinal centers reside in the 
conjunctiva (Figure 13.14), particularly in areas where the 
conjunctiva lining the inner surface of the eyelid merges with the 
portion covering the eyeball (Superior and inferior fornices); 
scattered lymphocytes are not unusual within the conjunctiva. Hence, 
their presence is not indicative of chronic conjunctivitis unless both 
plasma cells and significant numbers of lymphocytes are present. 


Three distinct areas of the conjunctiva are recognized (Figure 
13.15): the palpebral conjunctiva, the bulbar conjunctiva, and the 
conjunctiva lining the fornices. 


The morphologic attributes of the conjunctiva vary in different parts 
of this tissue. Although goblet cells exist throughout the epithelium 
of the bulbar conjunctiva, they 
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are more common in the inferior and nasal parts. Goblet cells are 
particularly abundant in the forniceal regions. The conjunctival 
stroma is thickest in the fornices and bulbar areas and thinnest in 
the palpebral conjunctiva and at the corneoscleral limbus, where 
small conjunctival papillae, known as the pallisades of Vogt, are 
evident. The palpebral conjunctiva is firmly attached to the inner 
surface of the eyelids, but the bulbar conjunctiva is loosely adherent 
to the underlying sclera by thin connective tissue strands. 


Figure 13.12 Goblet cells (arrows) are prominent in this section 
of conjunctival epithelium. Scattered mononuclear cells are often 
present in apparently healthy individuals in the underlying 
conjunctival stroma. (H&E, A—66.) 


Figure 13.13 In dark-skinned individuals, the basal layers of the 
conjunctival epithelium are pigmented (arrows) (H&E, A—160). 


Figure 13.14 A small lymphoid follicle and island of accessory 


lacrimal tissue are present in the stroma of the palpebral 
conjunctiva (H&E, A—25). 


Figure 13.15 The conjunctiva can be divided into three parts. 
The palpebral conjunctiva (arrow) lines the posterior surface of 
the eyelid. The bulbar conjunctiva (double arrows) extends from 
the limbus over the anterior sclera. The bulbar and palpebral 
conjunctiva converge upon the conjunctiva of the superior and 
inferior fornices (triple arrows). (H&E,A—2.5.) 


The palpebral conjunctiva, which lines the posterior surface of the 
eyelids, extends from the fornices to the mu-cocutaneous junction at 
the eyelid margins, where the epithelium of the conjunctiva merges 
abruptly with the epidermis of the anterior surface of the eyelids. 
The palpebral conjunctiva contains several infoldings of epithelium 
(crypts of Henle). Islands of accessory lacrimal glands that are 
morphologically identical to the main tear-producing gland within the 
orbit occur within the palpebral conjunctiva. The subconjunctival 


tissue of the upper fornix may contain over 40 such glands, but 
fewer than 10 accessory lacrimal glands are present in the lower 
fornix (glands of Krause). The upper eyelids have approximately two 
to five accessory lacrimal glands (glands of Wolfring) located at the 
Superior aspect of the tarsus. The bulbar conjunctiva begins at the 
limbus, at which point the corneal epithelium gradually becomes 
replaced by conjunctival epithelium and continues over the sclera to 
the superior and inferior fornices. There, the conjunctiva is thrown 
into small folds before becoming the palpebral conjunctiva. 


Both the caruncle and plica semilunaris (Semilunar fold) represent 
specialized segments of the conjunctiva (Figure 13.16). The caruncle 
is the nodular mass of fleshy tissue located in the medial 
interpalpebral angle of the eye. Its surface is covered by a stratified 
nonkeratinized squamous epithelium. The subepithelial stroma of the 
caruncle contains hair follicles, smooth muscle, sebaceous glands, 
adipose connective tissue, and, occasionally, accessory lacrimal 
glands and sweat glands. The plica semilunaris, an arc-shaped fold of 
conjunctiva located immediately lateral to the caruncle, is thought to 
be a vestigial remnant of the nictitating membrane of lower species. 
The histologic features of the plica semilunaris are similar to those in 
other areas of the conjunctiva, except that the epithelium contains 
abundant goblet cells and, rarely, cartilage is present within the 
stroma. 


Lacrimal Semilunar Lacrimal 
caruncle fold lake 
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Figure 13.16 The caruncle and semilunar fold are specialized 
portions of the conjunctiva and are located in the medial 
interpalpebral angle of the eye. Before tears enter the lacrimal 
drainage apparatus through the lacrimal punctum, they 
accumulate at the medial canthus (lacrimal lake). The 
demarcation between the conjunctival and cutaneous portions of 
the eyelid is discernible clinically at the so-called gray line. The 
secretions of the meibomian glands (tarsal glands) reach the 
surface of the eyelids at small orifices. (Reproduced with 
permission from: 

Newell FW. Ophthalmology: Principles and Concepts. 6th ed. St. 
Louis: CV Mosby; 1986. 

) 


The Uveal Tract 


Located between the outer scleral covering and the inner retina is 
the uveal tract, which begins anteriorly as the iris, extends to the 
ciliary body, and then to the choroid posteriorly. The designated term 
uvea is derived from the Latin word uva (grape) because this portion 
of the eye was thought to somewhat resemble the dark color of a 
grape after the sclera and cornea are stripped from the globe. 


The Iris 


The iris is a thin diaphragm of tissue with a central opening, the 
pupil, which functions to regulate the amount of 
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light reaching the retina (Figure 13.17). Muscles within the iris dilate 
or constrict the pupil in response to sympathetic or parasympathetic 
nerve impulses. The diameter of the iris is approximately 21 mm, 
whereas the diameter of the pupil ranges from 1 to 8 mm. The iris is 
thinnest at its point of attachment with the ciliary body peripherally, 
the iris root. Normally, the iris rests gently upon the crystalline lens 
and, therefore, bulges slightly forward. Structurally and 
developmentally, the iris consists of two main parts: the stroma and 
the posterior epithelial lining. 


Figure 13.17 The iris is composed of stroma (S) and a posterior 
epithelial lining (PEL). The sphincter muscle (SM) of the iris is 
evident within the stroma. The pigmented posterior epithelial 
lining normally extends around the lip of the pupil anteriorly for a 
short distance. (H&E, A—25.) 


Numerous ridges and depressions may be identified in tissue sections 
of the anterior iris stroma. These correspond to the contraction folds 
and furrows seen on clinical examination. The anterior surface of the 
iris lacks a cellular lining. The stroma contains melanocytes, nerve 
cells, blood vessels, and smooth muscle in a loose connective tissue 
background. The color of the iris is due to the number of stromal 
melanocytes present. Lightly pigmented individuals with blue irises 
have relatively few stromal melanocytes. In contrast, darkly 
pigmented individuals with brown irises have numerous melanocytes 
within the iris stroma (Figure 13.18). In addition to melanocytes, 
melanosome-containing macrophages are also scattered within the 
iris stroma, particularly at the iris root. A thick collar of collagen 
fibers normally surrounds the blood vessels within the iris stroma. To 
the inexperienced observer, these normal vessels may appear to 


have arteriolosclerosis. In the pathologic process of iris 
neovascularization, thin-walled blood vessels, which lack such a 
collagenous coat, cover the anterior surface of the iris. 


Figure 13.18 The color of the iris is due to the number of 
stromal melanocytes, which are more abundant in the stroma of 
an individual with a brown iris (left) than with a blue iris (right). 
The amount of pigment in the posterior epithelial lining is similar 
in irises of different color. Blood vessels in the iris stroma are 
normally surrounded by a thick collar of collagen fibers (arrows); 
this should not be confused as arteriolosclerosis. In contrast to 
the posterior surface of the iris, the anterior iris lacks a cellular 
lining. (Left, H&E, A—66; right, H&E, A—66.) 


The sphincter muscle (sphincter pupillae), a bundle of circularly 
arranged smooth muscle innervated by parasympathetic nerves, acts 
to constrict the pupil. Located within the posterior stroma of the 
pupillary zone, the sphincter pupillae is nearly 1 mm wide. Radially 
oriented smooth muscle fibers with scattered cytoplasmic 


melanosomes are also located within the stroma of the iris (dilator 
pupillae). Innervated by sympathetic nerves, this muscle is active in 
pupil dilatation. 


Posteriorly, the iris is lined by two separate but closely apposed 
epithelial layers derived from neuroectoderm. The cells of the 
anterior epithelial layer, which are in direct contact with the 
posterior aspect of the stroma, are continuous with smooth muscle 
fibers of the dilator pupillae; the sphincter pupillae are of similar 
developmental origin. The posterior iris pigment epithelial layer is in 
direct contact 
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with the aqueous humor of the posterior chamber. The cytoplasm of 
both epithelial layers contains numerous melanosomes 
(approximately 1 Âum in diameter), which are larger than those of 
the iris stroma (diameter of about 0.5 Âum). The number of 
melanosomes in the iris epithelial layers does not vary significantly 
between lightly and darkly pigmented individuals. In persons with 
ocular and oculocutaneous albinism, the pigmented epithelia, as well 
as the stromal melanocytes, contain fewer melanin granules than in 
normal individuals. The pigmented epithelia of the iris normally 
extend around the lip of the pupil anteriorly for a short distance. In 
certain pathologic conditions, fibrovascular tissue on the anterior 
surface of the iris everts the pupillary margin and pulls the 
pigmented epithelia onto the anterior surface of the iris. This 
displaced pigmented epithelium may be apparent clinically and is 
known as ectropion uveae. 
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Figure 13.19 The lens and ciliary body are viewed from behind 
in this photograph. The ciliary body has two components: the 
pars plicata and the pars plana. The pars plicata contains about 
70 sagitally oriented folds, or ciliary processes (arrow). The pars 
plicata gradually merges with the flat pars plana (arrowhead). 
(Reproduced with permission from: 

Klintworth GK, Landers MB III. The Eye: Structure and Function. 
Baltimore: Williams & Wilkins; 1976. 

) 


Figure 13.20 A. The epithelium of the ciliary body has two 
distinct layers. The inner nonpigmented layer (arrow) is in direct 
contact with the aqueous humor of the posterior chamber (PC). 
The outer pigmented epithelial layer (double arrows) is adjacent 
to the underlying stroma. Acellular eosinophilic fibers attach to 
the crests of the nonpigmented epithelium of the pars plicata 
(zonules) (arrowheads). Zonules do not originate in the valleys 
between the ciliary processes (H&E, A—132). B. Zonular fibers 
(arrows) span between the pars plicata of the ciliary body (right) 
and the lens (L) and hold the lens in place (H&E, A—25). 


The Ciliary Body 


The middle segment of the uveal tract, the ciliary body, is located 
between the iris and the choroid. Situated interior to the anterior 
sclera, it is made up of two ring-shaped components: the pars plicata 
and the pars plana (Figure 13.19). The anteriormost aspect of the 
ciliary body, the pars plicata begins at the scleral spur and contains 
approximately 70 sagitally oriented folds (approximately 2 mm long 
and 0.8 mm high). Continuous with these folds, the flat pars plana, 
which is approximately 4 mm wide, merges posteriorly with the 
serrated anterior border of the retina (ora serrata). Both portions of 


the ciliary body consist of epithelium, stroma, and smooth muscle. 


The ciliary epithelium embraces two distinct layers, both of which 
Share a similar development derivation from neural ectoderm (Figure 
13.20). The inner epithelial layer is virtually nonpigmented and is 
contiguous with the aqueous humor of the posterior chamber. At the 
ora serrata, the sensory retina converges into the nonpigmented 
ciliary epithelial monolayer, which extends anteriorly until it 
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becomes the posterior epithelial layer of the iris. In contrast, the 
outer ciliary epithelial layer is pigmented and unites with the retinal 
pigment epithelium at the ora serrata. The pigmented epithelium of 
the ciliary body overlies a periodic acid-Schiff (PAS) â€“ positive 
basal lamina that is closely adherent to the adjacent stroma. The 
basal lamina of the pigmented epithelium can become conspicuously 
thickened in diabetes mellitus. Acellular fibers, known as zonules 
(Figure 13.20), attach the crests of the nonpigmented ciliary 
epithelium in the pars plicata to the capsule of the crystalline lens. 


Figure 13.21 The pars plicata of the ciliary body changes with 


age. A. In infancy the stroma of the ciliary processes is sparse 
(arrow). B. The stroma continues to expand until adulthood; and, 
with advancing age, the ciliary processes become hyalinized 
(double arrows). (A, H&E, A—40; B, H&E, A—40.) 


The stroma of the ciliary body, composed of fibroblasts, blood 
vessels, nerve cells, and melanocytes, is most abundant in the ciliary 
processes of the pars plicata and least plentiful in the valleys 
between these processes and in the pars plana. During infancy, the 
stroma of the ciliary body is sparse (Figure 13.21, left), but it 
expands until adulthood. With advanced age, the ciliary body stroma 
becomes hyalinized (Figure 13.21, right) and frequently calcifies. 


The smooth muscle of the ciliary body (Figure 13.22) forms three 
distinct bundles. The outermost muscle runs in a longitudinal, or 
meridonal, direction, whereas the middle layer contains radially 
oriented fibers and the innermost muscle cells are aligned in a 
circular fashion. In routinely processed globes, histologic 
differentiation of these three muscular layers is difficult. Muscles of 
the ciliary body attach in large part to the scleral spur. The ciliary 
muscle assists in accommodation. As it contracts, the ciliary body 
extends forward, reducing pressure on the zonules and enabling the 
lens to become less concavea€”and thereby increasing its refractive 
power. 


Choroid 


The richly vascularized choroid (Figure 13.23) extends from the 
ciliary body to the optic nerve. Its inner aspect is firmly adherent to 
the retinal pigment epithelium. The outer surface of the choroid is 
loosely attached to the overlying sclera. Bruch's membrane 
delineates the choroid from the overlying retinal pigment epithelium 
and is approximately 2 to 4 Aum thick. Although Bruch's membrane 
appears as a thin eosinophilic layer in tissue sections, ultrastructural 


analysis has disclosed it to be composed of five distinct layers: the 
basal lamina of the overlying retinal pigment epithelium, a 
collagenous layer, an elastic fiber-rich component, another 
collagenous portion, and the 

P.358 
basal lamina of the endothelial cells of the underlying capillary 
network (choriocapillaris). Located in the innermost choroidal stroma 
adjacent to Bruch's membrane, the choriocapillaris connects with 
arterial and venous channels from vessels in the outer choroidal 
stroma. Its function is to nourish the outer retinal layers. With age, 
Bruch's membrane thickens and commonly acquires focal 
excrescences known as drusen (Figure 13.24). Both drusen and 
Bruch's membrane may calcify. 


Figure 13.22 Smooth muscle constitutes a large portion of the 
ciliary body. Pigmented melanocytes are often present in 
between the smooth muscle bundles (H&E, A—66.) 


Figure 13.23 This photomicrograph illustrates the well- 
vascularized choroid. At the top of the figure, the choroid abuts 
the sclera. The single layer of retinal pigment epithelium is 
present at the bottom of the figure. (H&E, A—66.) 


The choroidal stroma is thinnest anteriorly, near the ciliary body, 
where it is approximately 0.1 mm thick. Posteriorly, at the optic 
nerve, the choroidal stroma thickens to nearly 0.22 mm. The tenuous 
connection between the choroidal stroma and the sclera is 
responsible for both the pathologic and artifactual separations often 
seen between these two layers in histologic sections. The stroma 
contains abundant pigmented melanocytes (Figure 13.25), which are 
more numerous in heavily pigmented individuals than in persons with 
little pigment. Collagen fibers, some smooth muscle, neurons of the 
autonomic nervous system, and a prominent vascular system are also 
present. Large- and medium-sized arteries (branches of the posterior 
ciliary arteries) and veins (vortex veins) are situated in the 
outermost choroid. 


Figure 13.24 An amorphous excrescence (arrow) in Bruch's 
membrane appears to extend into the underlying retina. Such so- 
called drusen are common and occasionally calcify. (H&E, 
A—160.) 


Figure 13.25 Numerous pigmented melanocytes are located 
within the choroidal stroma (H&E, A—160.) 


Retina 


The cellular components of the retina include the photoreceptors 
(rods and cones), a variety of different neurons (ganglion, bipolar, 
horizontal, and amacrine cells), and neuroglial cells (MAYller cells 
and astrocytes). Many of these special types of cells can only be 
detected with the aid of specific staining techniques. These 
constituents of the retina are stratified into several distinct layers 
(Figure 13.26). The rods and cones comprise the outermost part of 
the sensory retina and are closely apposed to the retinal pigment 
epithelium. The retina's anterior boundary has a serrated edge (ora 
serrata), at which point it is approximately 0.1 mm thick. Cysts 
develop in the peripheral retina (peripheral cystoid degeneration) in 
virtually everyone over age 20 (13) (Figures 13.27, 13.28). Here, 


the retina converges into a single layer of nonpigmented epithelium, 
which continues anteriorly to where it merges with the nonpigmented 
epithelium of the ciliary body (Figure 13.28). Posteriorly, the retina 
extends to the optic nerve, where it is approximately 0.5 to 0.6 mm 
thick. The sensory retina is in direct 
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contact with the vitreous humor and lies interior to the retinal 
pigment epithelium, which defines the outermost border of the 
retina. 


Figure 13.26 The cellular components of the retina are 
organized in well-defined layers. The choroid is directly above 
the retinal pigment epithelium (RPE) in this figure. Specialized 
extensions of the photoreceptors known as the outer and inner 
segments (OS andlS) are located immediately adjacent to the 
RPE. Cell bodies of the photoreceptors are present in the outer 
nuclear layer (ONL); synapses between the bipolar cells, 
horizontal cells, and the photoreceptors occur in the outer 
plexiform layer (OPL); the inner nuclear layer (INL) embraces 
nuclei of the amacrine, bipolar, horizontal, and MA*“ller's cells; 
the inner plexiform (IPL) contains axons and dendrites of 


amacrine, bipolar, and ganglion cells; ganglion cell bodies are 
located in the ganglion cell layer (GCL); the nerve fiber layer 
(NFL) contains ganglion cell axons. (Reproduced with permission 
from: 


Klintworth GK, Landers MB III. The Eye: Structure and Function. 
Baltimore: Williams & Wilkins; 1976. 
) 


The retinal pigment epithelium is a monolayer of cells. These 
epithelial cells contain numerous intracytoplasmic melanosomes; 
cellular processes envelope part of the overlying rods and cones as 
shown by transmission electron microscopy. The phagocytic function 
of the retinal pigment epithelium assists in the turnover of the 
photoreceptor elements. Undigested products of phagoliposomes 
culminate in the progressively increasing number of lipofuscin 
granules that accumulate within the retinal pigment epithelium, with 
time. 


Some photoreceptors are cylindrical in appearance (rods), whereas 
others are conical-shaped and somewhat longer and thicker (cones). 
Internal to the photoreceptors is the outer plexiform layer, formed 
from cell processes of the horizontal and bipolar cells and axonal 
extensions of the rods and cones. The inner nuclear layer embraces 
the nuclei of several cell types (the bipolar, MA‘%ller, horizontal, and 
amacrine cells). Constituents of the inner plexiform layer include 
bipolar and amacrine cell axons and dendrites of the ganglion cells. 
Near the vitreal aspect of the retina is the ganglion cell layer, 
composed predominantly of ganglion cell bodies. The axons of these 
large neurons make up the nerve fiber layer; these processes are 
usually unmyelinated; but, as an incidental developmental anomaly, 
bundles of some nerve fibers are occasionally myelinated. In older 
individuals, basophilic PAS-positive intracellular rounded bodies 
(corpora amylacea), indistinguishable from similar structures in the 
brain, often accumulate in the nerve fiber layer of the retina near the 


optic disc. By light microscopy, two acellular zones can be 
distinguished within the retina: the external and internal limiting 
membranes. The so-called external limiting membrane is located 
between the photoreceptors and the outer nuclear layer. The 
membrane represents firm junctions between MAYaller cells and 
adjacent photoreceptors (zonula adherens). The basal lamina of the 
MA“ller cells accounts for the hyalin structure seen on light 
microscopy and is known as theinternal limiting membrane. Similar 
to the neuroglial tissue of the brain, by immunohistochemistry the 
neuronal cells of the retina show strong immunopositivity to 
synaptophysin (Figure 13.29) and NeuN (Neuronal Nuclei) (14) 
(Figure 13.30). Neurofilament protein highlights the axons of the 
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nerve fiber layer as they continue posteriorly to enter the optic 
nerve. Glial cells and their processes react with glial fibrillary acidic 
protein (GFAP) (Figure 13.31). 


Figure 13.27 The ora serrata marks the anterior boundary of 
the retina. An almost invariable finding in the retina of all human 
eyes after the age of 20 is peripheral cystoid degeneration. 


Macroscopically, the peripheral retina immediately behind the ora 
serrata (arrows) has a focally vacuolated appearance 
(arrowhead). (Reproduced with permission from: 

Klintworth GK, Landers MB III. The Eye: Structure and Function. 
Baltimore: Williams & Wilkins; 1976. 


Figure 13.28 A. At the ora serrata, the multilayered retina 
(arrow) converges with the single layer of nonpigmented 
epithelium of the ciliary body (double arrows). The retina is 
loosely attached to the choroid (C) in the region of the ora 
serrata and is artifactually separated from it in this figure 
(H&E,A—50). B. Microscopically, peripheral cystoid degeneration 
is characterized by the presence of numerous cystlike spaces 
within the retina. (Reproduced with permission from: 

Klintworth GK, Landers MB III. The Eye: Structure and Function. 
Baltimore; Williams & Wilkins, 1976. 

) 


Light passes through the entire sensory retina before it is converted 
by the photoreceptor cells into electric impulses. The impulses are 


eventually transmitted to the visual cortex in the occipital lobe of the 
brain through a complex series of intercellular connections. 


The retina varies in structure in different sites (Figure 13.32). A 
yellow specialized portion of the retina is located in the posterior 
pole of the eye (in an area slightly temporal to the optic disc). This is 
the macula lutea (yellow spot), where the bipolar and ganglion cells 
contain the pigment xanthophyll. In the macular region of the retina, 
the ganglion cells are several layers thick. The center of the macula 
contains a slightly depressed area (the fovea centralis) measuring 
almost 1.5 mm in diameter; it is responsible for most visual acuity. 
The walls of the fovea centralis are known as the clivus, and the 
precise center is designated the foveola. Blood vessels are absent in 
the foveola, which measures approximately 0.4 mm in diameter. The 
inner layers of the retina are displaced peripherally in the foveola so 
that only photoreceptors, the outer nuclear layer, and outer 
plexiform layer are present. Cones are located within the foveola, but 
rods are absent. 


The microvasculature of the normal retina is composed of branches 
of the central retinal artery and tributaries of the central retinal vein. 
It contains arterioles, venules, and intervening capillaries (Figure 
13.33). In capillaries from normal individuals, endothelial cells and 
pericytes are present in a ratio of approximately 1:1. The retinal 
microvasculature is affected in hypertension, diabetes mellitus, and 
other conditions. Capillary microaneurysms and the loss of capillary 
pericytes are characteristics of diabetic retinopathy. These are best 
visualized in flat preparations of the retina after trypsin digestion of 
the retinal cells. 


Artifacts of the Retina 


It is necessary to distinguish a true detachment of the sensory retina 
from the retinal pigment epithelium from an artifactitious retinal 
detachment in the same location. True retinal detachments are 
characterized by the presence of blood or eosinophilic proteinaceous 


fluid in the space between the two retinal layers (Figure 13.34), 
rounded edges at the site of the retinal break, photoreceptor 
elements of one fold of retina adjacent to the internal 
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limiting membrane of another fold (Zimmerman's sign), an absence 
of photoreceptor outer segments (except in a very acute 
detachment), and the presence of cyst-like spaces within the 
detached retina. In contrast, artifactitious retinal detachments 
typically lack subretinal fluid that is rich in eosinophilic protein or 
blood, have squared-off edges at the site of the break with intact 
photoreceptor outer segments, and fragments of pigment epithelium 
cell debris are adherent to the photoreceptor outer segments (Figure 
13.35) (15). 


Figure 13.29 Synaptophysin immunopositivity is present within 
the ganglion cell layer, inner and outer nuclear layers, and inner 
and outer plexiform layers (A—40). 


Figure 13.30 Reactivity with the immunohistochemical marker 
NeuN is restricted to neurons of the ganglion cell layer and a few 
cells in the inner nuclear layer (A—40). 


Figure 13.31 Glial fibrillary acidic protein (GFAP) highlights the 
retinal glia and their processes (A—40). 
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Figure 13.32 The retina has regional histologic variations. In 


the macular region (left), the ganglion cells (arrow) are 
multilayered. In areas outside of the macula (right), ganglion 
cells (arrow) form a single layer. (Left, H&E, A—80; right, H&E, 
A—160.) 


Figure 13.33 This flat preparation of a normal retina following 
trypsin digestion discloses retinal capillaries adjacent to a retinal 
arteriole (H&E, A—25). 


At the ora serrata, the sensory retina of neonates and children folds 
inwardly upon itself (Lange's fold) in eyes that have been subjected 
to a fixative such as formalin (Figure 13.36). This artifact of fixation 
is not observed in the living eye or in unfixed enucleated eyes that 
have been sectioned to observe the peripheral retina. Lange's fold is 
thought to result from traction on the peripheral retina by a 
shortening of the vitreous humor base and posterior lens zonules 
caused by tissue fixation. After the age of 20 years, Lange's fold is 
not observed, presumably because the peripheral retina has become 
firmly bound to the subjacent retinal pigment epithelium. The 


convexity of this artifact of fixation is directed anteriorly and axially 

in neonates; but, in older infants and children, the fold is initiated 

some distance from the ora serrata, apparently because of a 

propensity for peripheral retinal adhesions to the subjacent retinal 

pigment epithelium with increasing age. In contrast to a true retinal 
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detachment, subretinal fluid is not present between the layers of the 

sensory retina in Lange's fold (16). 


Figure 13.34 A feature of a true retinal detachment is the 
presence of eosinophilic proteinaceous fluid within the subretinal 
space (H&E, A—20). 


Figure 13.35 Artifactual retinal detachments are characterized 
by retinal pigment epithelium granules within the tips of the 
photoreceptors and the absence of subretinal eosinophilic fluid 
(H&E, A—20). 


Figure 13.36 Lange's fold is a postmortem artifact usually seen 
in infant eyes. At the ora serrata, the peripheral retina typically 
takes on a bowed or concave appearance anteriorly. The absence 
of subretinal fluid distinguishes this from a true retinal 
detachment (H&E, A—10). 


The Optic Nerve 


More than one million axons from the retinal nerve fiber layer 
converge at the optic nerve head, which accounts for the physiologic 
blind spot in the normal visual field and represents the beginning of 
the optic nerve. The central retinal artery and vein traverse the optic 
nerve; and, within a slight depression at the origin of the nerve, they 
are surrounded by glial tissue (Figure 13.37). From the optic nerve 
head, the axons extend for approximately 1 mm to a sievelike 
partition of connective tissue in the sclera (the lamina cribrosa) 
through which the nerve fibers pass on their way to the brain. Over 
one thousand nerve fiber bundles surrounded by astrocytes, 


oligodendroglia, and collagenous septae (Figure 13.38) can be 
identified in cross sections of the optic nerve, which is a tract of the 
central nervous system. Like the brain, the optic nerve is surrounded 
by dura, arachnoid, and pia mater. Small focal meningothelial 
proliferations occasionally form within the leptomeninges surrounding 
the optic nerve. Some orbital meningiomas presumably arise from 
them. Laminated products of the meningothelial cells (psammoma 
bodies) sometimes occur in the arachnoid mater (Figure 13.39). 
Pigmented melanocytes are sometimes encountered within the 
leptomeninges and optic nerve head. 


After leaving the globe, each optic nerve continues posteriorly 
through the orbit to its respective optic foramen, and then to the 
optic chiasm before terminating in the lateral geniculate bodies. 


At the level of the lamina cribrosa, the axons within the optic nerve 
become myelinated by concentric membranous processes of the 
oligodendroglia. The rather abrupt transition between myelinated and 
nonmyelinated nerve fibers is eminently appreciated in tissue 
sections stained with Luxol fast blue or other dyes with an affinity for 
myelin (Figure 13.40). As the axons acquire myelin coats, the 
diameter of the optic nerve doubles to nearly 3 mm. Located within 
the central core of the optic nerve, adjacent to the globe, is the 
central retinal artery and vein. Both of these vascular channels exit 
the nerve some 8 to 15 mm posterior to the lamina cribrosa; the 
channels are not evident within tissue sections of the optic nerve 
closer to the brain. The orbital portion of the optic nerve extends 
some 25 mm from the lamina cribrosa to the optic foramen at the 
apex of the orbit. If the optic nerve becomes compressed during 
enucleation of the globe, some optic nerve tissue may extrude into 
the eye and become dislodged into the lumen of blood vessels near 
the optic disc, between the sensory retina and the retinal pigment 
epithelium, and even into the vitreous humor. Neural tissue within 
the optic nerve may become displaced in a manner comparable to the 
a€cetoothpastea€* artifact of the 
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spinal cord that follows a traumatic insinuation of white matter into 
the grey matter. This artifact should not be mistaken for ectopic 
intraocular nervous tissue, tumors, giant drusen, vitreous humor 
worms, or subretinal exudates (17). With age, corpora amylacea, 
similar to those in the retina and brain, may become evident in the 
optic nerve. 


Figure 13.37 The optic nerve penetrates the sclera near the 
posterior pole of the eye. This histologic section contains the 
central retinal artery (arrow) in the central part of the optic 
nerve. Both the central retinal artery and the central retinal vein 
traverse the optic nerve until they exit the nerve about 8 to 15 
mm posterior to the eyeball. (Masson's trichrome, A—10.) 


Figure 13.38 Nerve fiber bundles within the optic nerve are 
surrounded by thin collagenous septae (Masson's trichrome, 
A—50). 


Figure 13.39 Laminated psammoma bodies, such as this one, 


are often closely associated with the meningothelial cells of optic 
nerve (H&E, A—160). 


Figure 13.40 The abrupt transition between nonmyelinated 
(arrow) and myelinated (double arrows) nerve fibers of the 
normal optic nerve at the level of the lamina cribrosa 
(arrowheads) is dramatically illustrated in this tissue section 
stained with a dye that has an affinity for myelin (Luxol fast blue, 
A—10). 


The Crystalline Lens 


The biconvex ocular lens (Figure 13.41) is located directly behind the 
pupil and in front of the anterior face of the vitreous humor. In the 
adult, it measures approximately 10 mm in diameter and 4 to 5 mm 
in width. The lens is held in place by zonules that connect it to the 
pars plicata of the ciliary body. The lens is encircled by a collagen- 
and carbohydrate-rich capsule that serves as the site of attachment 
for the zonules. The capsule over the anterior surface of the lens 
thickens with time. At 2 to 3 years of age, the anterior capsule is 
almost 8 to 15 Aum wide and increases to 14 to 21 Aum by 35 years 
(Figure 13.42). The posterior lens capsule reaches its maximum 
thickness at about 35 years of age (4â€“23 Aum) and then 
diminishes to 2 to 9 Aum after age 70 years (Figure 13.43) (2). 
Directly interior to the anterior lens capsule is a single layer of 
cuboidal epithelium. These cells extend to about the level of the lens 
equator; they do not normally exist posterior to this point. 
Proliferating epithelial cells elongate at the lens equator and become 
displaced toward the center of the lens, known as the lens nucleus, 
where they are retained for life. This process continues throughout 
life, and the long slender cells are designated lens fibers. In the 
peripheral part of the lens near the equator, the fibers retain their 
nuclei; but, as the fibers become displaced toward the center of the 
lens, their nuclei disintegrate so that the center of the lens lacks 
nuclei. In some cataractous lenses, such as the cataract of rubella, 
the fibers within the center of the lens retain their nuclei. 


Figure 13.41 The crystalline lens (L) is situated just posterior to 
the pupil and iris (arrows) (H&E, A—2.5). 


The normally transparent lens commonly opacifies with age. Discrete 
globules of degenerate lens fibers may form. They are frequently 
accompanied by the presence of an extension of epithelial cells 
posterior to the equator. The high density of the lens fibers makes it 
difficult to obtain histologic sections of the lens that are free from 
artifact. 


Infant eyes can demonstrate an artifact of fixation resulting in an 
umbilicated, dimpled, or concave configuration of the posterior 
surface of the lens (18) (Figure 13.44). 


Intraocular Compartments 


The eye accommodates two major fluid-containing intraocular 
compartments. One is filled with aqueous humor, the other with 
vitreous humor. The aqueous humor compartment is divided into an 
anterior and posterior chamber (Figure 13.45). The anterior chamber 


is delineated in front by the cornea, peripherally by the drainage 
angle of the eye, and posteriorly by the pupil and the iris. The small 
posterior chamber is situated between the pigmented epithelia of the 
iris, the ciliary body, the anterior face of the vitreous humor, and the 
lens. 
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Figure 13.42 The anterior lens capsule (arrow) appears as an 
eosinophilic acellular band overlying a single layer of epithelial 
cells in hematoxylin and eosin-stained preparations (left). The 
lens capsule is rich in carbohydrate and reacts intensely with the 
periodic acid-Schiff stain (arrow) (right). (Left, H&E, A—132; 
right, PAS, A—160.) 


Figure 13.43 Posteriorly, the lens capsule (arrow) is thinner 
than anteriorly, and epithelial cells are absent (H&E, A—132). 


Figure 13.44 Infant eye demonstrating an artifact of fixation 
resulting in a posterior concave or umbilicated appearance of the 
lens. This figure also illustrates an artifactual absence of most of 


the corneal epithelium (H&E, A—1). 


The aqueous humor, a watery solution that does not normally stain 
with routine histologic techniques, is produced by the ciliary body 
and flows forward through the aperture of the pupil to the anterior 
chamber, where it leaves the eye through the trabecular meshwork 
and Schlemm's canal. The anterior chamber contains approximately 
0.25 ml of aqueous humor; the posterior chamber has a volume of 
only approximately 0.06 ml. Normal human aqueous humor has a 
density slightly greater than water; and, like plasma, it contains 
protein, ascorbic acid, electrolytes, and glucose. The major 
differences between 
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aqueous humor and plasma are the relatively low-protein and high- 
ascorbic acid concentration of aqueous humor, relative to plasma. 
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Figure 13.45 The anterior chamber is defined by the cornea, 
anterior surface of the iris, and pupil. The boundaries of the 


much smaller posterior chamber include the posterior surface of 
the iris, the ciliary body, and the anterior face of the vitreous 
humor. Aqueous humor is produced by the ciliary body and 
circulates from the posterior chamber through the pupil into the 
anterior chamber. Aqueous humor drains from the eye by way of 
the trabecular meshwork and Schlemm's canal. (Reproduced with 
permission from: 

Klintworth GK, Landers MB III. The Eye: Structure and Function. 
Baltimore: Williams & Wilkins; 1976. 

) 


Figure 13.46 The vitreous humor (arrow) appears as an 
amorphous material in standard tissue sections (H&E, A—50). 


The vitreous humor extends from the sensory retina to the lens and 
contains a gel-like material composed of water, protein, hyaluronic 
acid, and a small population of cells, designated hyalocytes, which 
are rarely noted in standard tissue sections. These tissue 


macrophages are thought to synthesize collagen and hyaluronic acid. 
The gelatinous consistency of the vitreous humor is due to a 
framework of numerous, randomly oriented collagen fibrils. The 
concentration of glucose and ascorbic acid is much lower than in the 
aqueous humor, whereas the concentration of soluble protein is 
similar to that of the aqueous humor (19). The vitreous humor is 
attached securely to the retina at the ora serrata and near the optic 
disc. Occasionally, vitreous humor may be identified as an 
amorphous acellular material on hematoxylin and eosin-stained 
sections (Figure 13.46). 


The Eyelids 


The eyelids (Figure 13.47) can be divided into cutaneous and 
conjunctival portions. The cutaneous segment of the eyelid is 
composed of a Stratified squamous epidermis overlying a loosely 
arranged dermis, beneath which is muscular tissue. The eyelids 
contain several types of skin appendages. Sebaceous glands deposit 
their secretions, together with decomposed whole cells, via ducts 
into hair follicles of the eyelashes (glands of Zeis) or into ducts that 
open into the lid margins (meibomian glands) (Figure 13.48). 
Apocrine glands, whose secretions represent the pinched-off luminal 
aspect of the lining acinar cells, also open into the follicles of the 
eyelashes (glands of Moll) (Figure 13.49). In addition, the dermis of 
the eyelid contains eccrine sweat glands, which discharge secretions 
directly onto the skin via a convoluted duct. The subcutaneous 
portion of the upper and lower eyelids contains concentrically 
arranged skeletal muscle fibers (orbicularis oculi) but very little 
adipose connective tissue. Striated muscle of the palpebral portion of 
the levator palpebrae superioris is also present in the upper eyelid; it 
terminates in a dense fibrocollagenous aponeurosis. Small bundles of 
smooth muscle fibers (MA“%ller's muscle) are located within the 
upper and lower eyelids. 


The junction between the cutaneous and conjunctival parts of the 


eyelid is demarcated clinically by a sulcus (the gray line), located 
between the ducts of the meibomian glands and the eyelashes. The 
conjunctival portion of the eyelid is made up of dense connective 
tissue containing the meibomian glands and the palpebral conjunctiva 
(Figure 13.50). The tarsus, located immediately posterior to the 
muscles of the eyelid, accounts for most of the rigidity of the eyelids 
and is covered posteriorly by conjunctival epithelium and a thin 
subepithelial stroma. As described earlier, accessory lacrimal glands 
are present in the palpebral conjunctiva. 


The presence of more prominent subcutaneous, suborbicularis, and 
pretarsal fat tissue in the upper eyelid (the pretarsal fat pad) 
distinguishes an Asian eyelid from a Caucasian eyelid (20). 


The Orbit 


The posterior and peripheral borders of the orbit are defined by 
bones of the skull, face, and nose. At the anterior orbital margin, the 
periosteum of the orbital bones gives rise to a dense connective 
tissue sheet (the orbital septum) (Figure 13.47A), which extends 
forward to insert into the eyelids. Tissue posterior to this septum is 
considered to be within the orbit. In the human adult, the orbit 
measures approximately 40 mm in height, 45 mm in depth, and has a 
volume of almost 30 mL. Several bony canals allow for transmission 
of blood vessels and nerves into and out of the orbit, posteriorly. The 
contents of the orbit are organized in a complex three-dimensional 
arrangement (Figure 13.51). Aside from the eye, the optic nerve and 
its meningeal coverings, Tenon's capsule, the extraocular muscles, 
the lacrimal gland, blood vessels, and a delicate framework of 
fibroadipose connective tissue constitute the major components of 
the orbit. 


The only epithelial structure normally present in the orbit is the 
lacrimal gland (Figure 13.52). Closely apposed to the globe and 
situated in the superolateral aspect of the orbit, this gland is 
traditionally divided into two parts: a larger orbital lobe and a 


smaller palpebral lobe. About a dozen ducts from the lacrimal gland 

open into the superior conjunctival fornices and transmit their 

secretions into the tear film. The lacrimal gland is not encapsulated, 

and thin fibroconnective tissue septae divide the tissue into lobules 
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composed of acini and lined by columnar-shaped cells. Occasionally, 

some lobules extend posteriorly behind the globe. Most cells are 

serous in type and contain scattered intracytoplasmic fat droplets 

and granules. Mucinous cells similar to those of salivary glands are 

not usually present in the acini but may be identified in the ducts. In 

addition to secretory cells, the lining of the larger peripheral ducts 

within the lacrimal gland contain myoepithelial cells external to the 

serous cells. Occasional lymphocytes and plasma cells are commonly 

present between the acini of the lacrimal gland. 


Figure 13.47 A. Components of the eyelid as illustrated on this 
drawing include skin and cutaneous appendages, muscle, 
connective tissue, and conjunctiva. (Reproduced with permission 


from 
FW Newell. Ophthalmology: Principles and Concepts. 6th ed. St. 


Louis: CV Mosby; 1986. 

) B. The skin surface (S), the orbicularis oculi muscle (OO), the 

tarsus (T), and the conjunctiva (C) are evident in this histologic 
section of an eyelid (H&E, A—3.3). C. Multiple foci of accessory 

lacrimal gland tissue (glands of Krause and Wolfring) are present 
in the eyelids. (Reproduced with permission from: 

Newell FW. Ophthalmology: Principles and Concepts. 6th ed. St. 

Louis: CV Mosby; 1986. 

) 


Figure 13.48 Modified sebaceous glands, the meibomian glands, 
deposit secretions into ducts that open onto the eyelids. A valve 
is evident (arrow) in this duct of a meibomian gland. (H&E, 
A—33.) 


Figure 13.49 Apocrine glands (glands of Moll) (arrows) occur in 
the eyelid and open into the follicles of the eyelashes (H&E, 
A—33). 


Figure 13.50 The tarsus, composed of dense fibrous tissue, 


contains the meibomian glands (arrow). The palpebral 
conjunctiva is immediately beneath the tarsus at the bottom of 
this figure. (H&E, A—13.2.) 


Tenon'’s capsule 


Sup, oblique m ô: W >A Levator m. 


Medial rectus m. \ Wi Sup. rectus m. 


Lat. rectus m. 


Annulus of 
Zinn 


Optic chiasm 


Figure 13.51 The bony cavity of the orbit contains the eyeball 
and its fibrous covering (Tenon's capsule), the cartilagenous 
trochlea, the lacrimal gland, and the extraocular muscles. The 
trochlea and the lacrimal gland are located within the 
Superonasal and superotemporal aspects of the orbit 
respectively. Some of the extraocular muscles originate from a 
ring of fibrous tissue in the posterior orbit known as the annulus 


of Zinn. (Reproduced with permission from: 
Tasman W, Jaeger EA, eds. Duane's Clinical Ophthalmology. Vol. 
2. Philadelphia: JB Lippincott; 1989. 


Figure 13.52 Acini of the lacrimal gland are lined by columnar- 
shaped epithelial cells. Scattered lymphocytes and plasma cells 
are normally present in the gland. (H&E, A—80.) 


The orbit contains the cranial nerves, which innervate the extrinsic 
muscles of the eye (oculomotor, trochlear, and abducens nerves) and 
branches of the ophthalmic division of the trigeminal nerve, as well 
as parasympathetic and sympathetic nerves that innervate the 
cornea, conjunctiva, and the muscles of the ciliary body and iris. 
Neurons of the ciliary ganglion, which is located near the optic nerve 
close to the orbital apex and which measures approximately 2 mm in 
diameter, receive parasympathetic and sympathetic nerve fibers. 


Other constituents of the orbit include smooth muscle (Figure 13.53) 


(21) and the arc-shaped structure (trochlea), through which the 
tendon of the superior oblique muscle passes before insertion upon 
the eyeball (Figure 13.54). The trochlea is the only cartilaginous 
structure normally present in the orbit. It arises from the superior 
nasal aspect of the frontal bone. 


Lymphatic channels do not exist in the orbit according to traditional 
teaching; but this point is disputed because lymphangiomas develop 
in the orbit on rare occasions (22). The orbit normally lacks lymphoid 
tissue but contains scattered lymphocytes. These cells presumably 
give rise to the monoclonal and polyclonal lymphoid proliferations 
that frequently develop within the orbit, creating diagnostic and 
prognostic difficulty for the pathologist (23). 


Figure 13.53 Smooth muscle bundles (arrows) are present in 
the soft tissues of the orbit (H&E, A—10). 


Figure 13.54 The arc-shaped trochlea (arrow), the only 
cartilaginous structure of the normal orbit, envelops the skeletal 
muscle fibers of the superior oblique muscle (SOM) (H&E, A—5). 


Lacrimal Drainage Apparatus 


The lacrimal drainage apparatus (Figure 13.55), composed of the 
puncta, canaliculi, lacrimal sac, and the nasolacrimal duct, collects 
the tears and drains them to the nose. Tear fluid drains toward the 
medial canthus and then passes through an opening in the medial 
aspect of each eyelid, known as the lacrimal punctum. The puncta 
drain into the lacrimal canaliculi, tubular structures approximately 
0.5 mm in diameter. Initially, The canaliculi are oriented vertically 
but, within 2 mm of their origin, bend at right angles to become 
almost horizontal within the eyelids. The distal portions of the 
Canaliculi exit the 
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upper and lower eyelids. They merge to form the lacrimal sac, which 
is encased by bones located in the inferomedial wall of the orbit. A 


duct (the nasolacrimal duct) that is nearly 1 cm long drains the 
lacrimal sac into the inferior nasal meatus of the nose. The 
epithelium lining the lacrimal drainage apparatus varies in different 
regions. In the canaliculi, it is a nonkeratinizing stratified squamous 
epithelium (Figure 13.56), but in the lacrimal sac and duct, the 
epithelium is stratified columnar in type and contains mucus- 
secreting goblet cells surrounded by connective tissue (Figure 
13.57). 


Superior canaliculus 
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Figure 13.55 The lacrimal gland and drainage apparatus are 
illustrated here. The lacrimal gland is located in the 
Superotemporal aspect of the orbit and contributes secretions to 
the tear film. Tears enter the canaliculi through the puncta and 
drain through the nasolacrimal sac and duct to eventually reach 
the inferior meatus within the nose. 


Figure 13.56 The lacrimal canaliculi are lined by nonkeratinizing 
stratified squamous epithelium and are surrounded by fibrous 
tissue (H&E, A—13.2). 


Figure 13.57 The epithelium of the lacrimal sacs and ducts is 
stratified columnar and contains goblet cells (H&E, A—50). 
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The Ear and Temporal Bone 
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Introduction 


The ear can be considered as three distinct regions, or 
compartments, to include the external ear, the middle ear and 
temporal bone, and the inner ear (Figure 14.1). 


ə The external ear consists of the auricle (pinna), external auditory 
canal (or meatus), and the tympanic membrane at the medial end 
of the auditory canal. 


e The middle ear cavity includes the ossicles, auditory (eustachian 
or pharyngotympanic) tube connecting the middle ear space to 
the nasopharynx, and expansion of the middle ear cavity in the 
form of air cells in the temporal bone. 


The inner ear is embedded in the petrous portion of the temporal 
bone and consists of a membranous (otic) labyrinth that lies 
within a dense bone referred to as the otic capsule, which is 
excavated to form the osseous (periotic) labyrinth (1). 


The inner ear is the sense organ for both hearing and balance. The 


external and middle ears are the sound-conducting apparatus for the 
auditory part of the inner ear. 


External Ear 


Embryology 


The external ear develops from the first brachial groove. The 
external auricle (pinna) forms from the fusion of the auricular 
hillocks or tubercles (a group of mesenchymal tissue swellings from 
the first and second branchial arches) that lie around the external 
portion of the first branchial groove (2). The external auditory canal 
is considered a normal remnant of the first branchial groove. The 
tympanic membrane forms from the first and second branchial 
pouches and the first branchial groove (2). The ectoderm of the first 
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branchial groove gives rise to the epithelium on the external side; 
the endoderm from the first branchial pouch gives rise to the 
epithelium on the internal side; and the mesoderm of the first and 
second branchial pouches gives rise to the connective tissue lying 
between the external and internal epithelia (Figure 14.2) (2). 
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Figure 14.1 Modified coronal section through the ear and 
temporal bone depicting the anatomic compartments of the ear: 
the external, middle, and inner ears (Reprinted with permission 
from: 

Hollinshead WH. The ear. In: Hollinshead WH, ed. Anatomy for 
Surgeons. 3rd ed. Philadelphia: Harper and Row; 
1982:159a€“221 

Ji 


Anatomy 


The anatomy of the external ear is seen in Figure 14.3. The outer 
portion of the external ear includes the auricle leading into the 
external auditory canal. The skeleton of the auricle consists of a 
single plate of elastic cartilage conforming to the shape of the ear. 


The lobule is the only part of the auricle that is devoid of skeletal 
Support. The cartilage of the auricle is continuous with that of the 
external auditory canal. 


DEVELOPMENT OF THE EPITHELIAL SYSTEMS OF THE EAR 


Vestibular labyrinth ~ 


r ~ 
Otocyst / ~a 
Ectoderm : i INNER 
g? 7 EAR 
Cochlear labyrinth 
p A Endoderm Eustachian MIDDLE 
Branchial / (First branchial pouch) sy meses BAR 
system tube 
+ 
Ectoderm EXTERNAL 
(First branchial groove) _ » FAR 
CANAL 


Figure 14.2 Diagrammatic representation of the embryology of 
the epithelia of the inner, middle, and external ears. 


The auricle is attached to the bony skull by three ligaments: anterior, 
Superior, and posterior (1). The anterior ligament attaches the helix 
and the tragus to the zygomatic process. The superior ligament 
attaches the spine of the helix to the superior margin of the bony 
external meatus. The posterior ligament attaches the medial surface 
(eminence) of the concha to the mastoid process. The auricle is 
anchored through its continuity with the cartilage of the meatus and 
through the skin and extrinsic muscles. 


The extrinsic muscles of the ear include the anterior, superior, and 
posterior auricular muscles. These muscles are usually functionless 
but may be subject to voluntary control (as in ear a€cewigglingda€s ). 


There are also small intrinsic muscles in connection with the cartilage 
of the external ear, but they are of no apparent importance. The 


extrinsic and intrinsic muscles of the ear are innervated by the facial 
nerve. 
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Figure 14.3 Anatomy of the external ear. 
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The external auditory canal or meatus extends from the concha to its 
medial limit, which is the external aspect of the tympanic membrane. 
The lateral portion of its wall consists of cartilage and connective 
tissue (1); the medial portion of its wall consists of bone. The 
cartilaginous part of the external auditory canal constitutes slightly 
less than half its total length. Inconstant fissures, referred to as the 
fissures of Santorini, occur in the cartilage; these fissures may 
transmit infection from the canal to the parotid gland and superficial 
mastoid regions, or vice versa. The bony part of the canal is formed 
by both the tympanic part and the petrous part of the temporal bone. 
The anterior, inferior, and lower posterior parts of the bony wall are 
formed by the C-shaped part of the temporal bone developed from 


the annulus tympanicus of the fetus. However, the annulus is 
incomplete in the posterosuperior part of the wall, and this part of 
the wall in adults is formed by the squamous and petrous parts of the 
temporal bone. In adults, the anterior and inferior walls of the 
cartilaginous canal are closely related to the parotid gland. The 
anterior wall of the bony canal is closely related to the mandibular 
condyle, the posterior wall to the mastoid air cells, and the medial 
portion of the superior wall to the epitympanic recess. 


The tympanic membrane (eardrum) is situated obliquely at the end of 
the external auditory canal, sloping medially both from above 
downward and from behind forward. The tympanic membrane is a 
fibrous sheet interposed between the external auditory canal and the 
middle ear cavity (Figure 14.4). The connective tissue interposed 
between these two layers consists of radiating fibers that are 
attached to the manubrium of the malleus and are reinforced 
peripherally by circular fibers. The latter are thickened at the margin 
of the tympanic membrane to form a fibrocartilaginous ring (annulus 
fibrocartilagineus membranae tympani), attaching the tympanic 
membrane to the tympanic sulcus of the temporal bone. In the upper 
portion of the tympanic membrane, there is a limited area where the 
connective tissue fibers are lacking; this area is referred to as the 
pars flaccida, or Schrapnell's membrane. In this area, the tympanic 
portion of the temporal bone is deficient; this gap is referred to as 
the tympanic incisure, or the notch of Rivinus. The tympanic 
membrane attaches to the temporal bone. The remainder of the 
tympanic membrane, in which there are intact connective tissue 
fibers, is referred to as the pars tensa. 


The outer aspect of the tympanic membrane is concave. The center 
of the concavity is referred to as the umbo, which is the strong point 
of attachment of the manubrium of the malleus to the tympanic 
membrane. In the anteriosuperior portion of the tympanic 
membrane, the lateral process of the malleus is attached; from this 
point of attachment, the anterior and posterior mallear folds pass to 
the cartilaginous annulus and separate the pars flaccida from the 


pars tensa. In otoscopic examinations of the tympanic membrane, 
the bright area of light reflection present downward and forward from 
the umbo is referred to as the a€cecone of light.a€« 


Histology 


Histologically, the auricle is essentially a cutaneous structure 
composed of keratinizing, stratified squamous epithelium with 
associated cutaneous adnexal structures that include hair follicles, 
sebaceous glands, and eccrine sweat glands (Figure 14.5). In 
addition to the hair follicles and sebaceous glands, the outer third of 
the external auditory canal is noteworthy for the presence of 
modified apocrine glands (called ceruminal glands) that replace the 
eccrine glands seen in the auricular dermis (Figure 14.6). Ceruminal 
glands produce cerumen and are arranged in clusters 
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composed of cuboidal cells with eosinophilic cytoplasm, often 
containing a granular, golden-yellow pigment. These cells have 
secretory droplets along their luminal border. Peripheral to the 
secretory cells are flattened myoepithelial cells. The ducts of the 
ceruminal glands terminate in the hair follicle or on the skin. The 
ducts of ceruminal glands lack apocrine or myoepithelial cells. In the 
inner portion of the external auditory canal, ceruminal glands and the 
other adnexal structures are absent. 
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Figure 14.4 External (lateral) view of the tympanic membrane. 


Figure 14.5 The auricle is a cutaneous structure histologically 
composed of keratinizing stratified squamous epithelium with 


associated cutaneous adnexal structures that include hair 
follicles, sebaceous glands, and eccrine sweat glands. 


Figure 14.6 In addition to the hair follicles and sebaceous 
glands, the outer third of the external auditory canal is 
noteworthy for the presence of modified apocrine glands called 
ceruminal glands that replace the eccrine glands seen in the 
auricular dermis. A. Ceruminal glands are submucosal in location 
and are arranged in clusters or lobules. B. Ceruminal glands are 
composed of two cell layers, including the inner or secretory cells 
(containing intracytoplasmic cerumen and appearing as granular, 
golden-yellow pigmentation) and flattened-appearing 
myoepithelial cells located peripheral to the secretory cells. 
Focally, the secretory cells show holocrine (decapitation) type 
secretion. 


The subcutaneous tissue is composed of fibroconnective tissue, fat, 
and elastic-type fibrocartilage, which gives the auricle its structural 
Support (Figure 14.7). The ear lobe is devoid of cartilage and is 
replaced by a pad of adipose tissue. The perichondrium is composed 
of loose vascular connective tissue. 


Similar to the auricle, the external auditory canal is lined by 
keratinizing Squamous epithelium that extends to include the entire 
canal and covers the external aspect of the tympanic membrane. The 
tympanic membrane has a central bilaminated zone, including lateral 
radially arranged 
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and medial circularly arranged collagenous fibers (Figure 14.8). The 
inner two-thirds of the external auditory canal contain bone rather 
than cartilage. Because adnexal structures are absent, there is 
relatively close apposition of the epithelium to the subjacent bone. 


Figure 14.7 A. The cartilage of the external ear is elastic. B. 
Elastic stains show the abundant amount of elastic fibers (black 
Staining) in the auricular cartilage. 


Figure 14.8 Section of pars tensa of tympanic membrane. The 
following layers may be distinguished from left to right: middle 
ear epithelium, lamina propria, circular arrangement of 
collagenous fibers (i.e., at right angles to former layer), radial 
arrangement of collagenous fibers, lamina propria, and stratified 
squamous epithelium. 


Ak W 


Figure 14.9 Summary of pathways of migration on tympanic 
membrane as determined by serial photography of dye markings. 
The tympanic membrane and adjacent deep external canal 
epithelium are depicted as being viewed en face. Two discrete 
pathways are present: A. passing upward along a tongue of 
epithelium and over the handle of the malleus to join epithelium, 
moving in a posterosuperior direction over the pars flaccida 
region (Zone 1), andB. a radial pathway moving centrifugally 
from the pars flaccida and handle of malleus regions to the 
periphery (Zone 2). The times given for each region are the 
weeks required for dye to be completely cleared from that 
region. 


Auditory Epithelial Migration 


Auditory epithelial migration represents the mechanism by which 
keratin is removed from the tympanic membrane. Without such a 
self-cleaning process, the keratin squames normally produced by the 
Stratified squamous epithelium of the tympanic membrane would 


continuously build up and interfere with the conduction of sound via 
the tympanic membrane. The entire epithelium, including keratin, 
moves from the tympanic membrane onto the deep external auditory 
canal. From the deep external auditory canal, the epithelium moves 
laterally to the junction of the deep (osseous) canal and the 
cartilaginous canal, where it is desquamated (3,4,5). 


Auditory epithelial migration occurs in two separate and discrete 
pathways (Figure 14.9) (6). In one pathway, the epithelium moves 
upward over the handle of the malleus and then posterosuperiorly 
across the pars flaccida, moving laterally over the deep canal (Figure 
14.10). The other pathway is radially moving away from the handle 
of the malleus and pars flaccida to the periphery of the tympanic 
membrane and then to the deep canal (Figure 14.11). Michaels and 
Soucek (3,4,5) have extensively evaluated the process of auditory 
epithelial migration and correlate the pathways to the development 
of the epithelia of the tympanic membrane and deep external canal in 
the embryo and fetus (6). The process of auditory epithelial 
migration has been felt to represent a possible pathogenesis for the 
development of cholesteatoma 
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(see below). However, there is no definitive evidence linking auditory 
epithelial migration to the development of cholesteatoma. 


Figure 14.10 Pathway of auditory epithelial migration as shown 
by movement of blue dye daubed on tympanic membrane. Dye is 
seen on the day it was daubed, just anterior and inferior to the 
lateral process of the malleus. In the next photograph, taken 9 
days later, it has moved posteriorly and superiorly to lie over 
that structure. Thirteen days later, in the third Photograph, it has 
crossed the pars flaccida region, moving in the same direction 
toward the external canal. 


Middle Ear 


Embryology 


The middle ear space develops from invagination of the first 
branchial pouch (pharyngotympanic tube) from the primitive 
pharynx. The auditory tube and tympanic cavity develop from the 
endoderm of the first branchial pouch; the malleus and incus develop 
from the mesoderm of the first branchial arch (Meckel's cartilage), 
while the stapes develops from the mesoderm of the second 
branchial arch (Reichert's cartilage) (Figure 14.2) (2). 


Figure 14.11 In this daubed tympanic membrane, an irregular 
array of dye is seen on the handle of malleus region on the sixth 
day after its deposition. By the fifteenth day, in the second 
photograph, a round dot that was just posterior to the handle of 
the malleus has separated and is commencing to travel 
backward; the main mass of dye is moving discretely upward 
along the handle of the malleus. This process has advanced on 
the twenty-seventh day in the third photograph, the posterior 
dye having reached the back edge of the tympanic membrane 
and the large mass now situated across the pars flaccida at an 
angle that has now changed to a posterosuperior one. 


Anatomy 


The middle ear, or tympanic cavity, lies within the temporal bone 
between the tympanic membrane and the squamous portions of the 
temporal bone laterally and the petrous portion of the temporal bone 
Surrounding the inner ear medially. The anatomic limits of the 
tympanic cavity include (1,7,8): 


e lateral or internal aspect made up by the tympanic membrane 
and squamous portion of the temporal bone 


e medial aspect bordered by the petrous portion of the temporal 
bone 


superior (roof) delimited by the tegmen tympani (a thin plate of 
bone that separates the middle ear space from the cranial cavity) 


inferior (floor) aspect bordered by a thin plate of bone separating 
the tympanic cavity from the superior bulb of the internal jugular 
vein 


e anterior aspect delimited by a thin plate of bone separating the 
tympanic cavity from the carotid canal (that houses the internal 
carotid artery) 


e posterior aspect delimited by the petrous portion of the temporal 
bone, containing the mastoid antrum and mastoid air cells 


The tympanic cavity communicates anteriorly with the nasopharynx 
by way of the auditory tube, and it communicates posteriorly with 
the mastoid air cells by way of the aditus and mastoid antrum. 


The contents of the tympanic cavity include the ossicles (malleus, 
incus, and stapes), ligaments of the ossicles, tendons of the ossicular 
muscles, auditory tube, tympanic cavity proper, epitympanic recess, 
mastoid cavity, and chorda tympani of the facial nerve (cranial nerve 
VII). The middle and external ears function as conduits for sound 
conduction for the auditory part of the internal ear. 


Lateral Wall 


The tympanic cavity extends above the level of the tympanic 
membrane as the epitympanic recess (attic). In this area lie the head 
of the malleus and the body of the short process of the incus. The 
epitympanic recess projects laterally above the external acoustic 
meatus; it is this portion of the tympanic cavity that has a part of 
the squamous portion of the temporal bone as its lateral wall. 


Roof 


The roof of the tympanic cavity is the tegmen tympani, a thin plate 
of bone separating the middle ear cavity from the 
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cranial cavity. In children, the unossified petrosquamous suture of 
the tegmen tympani may allow the direct passage of infection from 
the middle ear to the meninges of the middle cranial fossa (1). In 
adults, especially in the setting of a long-standing history of chronic 
otitis media, compromise of the tegmen tympani may result in 
acquired encephalocele, in which glial-type tissue is present within 
the middle ear cavity. In adults, veins from the middle ear perforate 
the petrosquamous suture to end in the petrosquamous and the 
superior petrosal sinuses and may potentially transmit infection 
directly to the cranial venous sinuses (1). 


Floor 


The floor of the tympanic cavity is usually a thin plate of bone 
separating the cavity from the internal jugular vein. In the presence 
of a large superior bulb of the internal jugular vein, it may bulge into 
the middle ear and may present dehiscences (9). 


Posterior Wall 


The posterior wall of the tympanic cavity opens through the narrow 
aditus ad antrum in the wider mastoid (tympanic) antrum. Below the 
aditus is a relatively thin bone separating the tympanic cavity from 
the antrum, and it is from this posterior wall that the pyramidal 
eminence projects, with an aperture at its apex from which the 
tendon of the stapedius muscle is transmitted. Above and behind the 
pyramidal eminence, the facial nerve curves downward to change its 
course from horizontal to vertical. The chorda tympani, arising from 
the facial nerve, then enters the tympanic cavity through the 
canaliculus of the chorda in the posterior wall. 


Anterior Wall 


The lower part of the anterior wall is part of the petrous apex. This 
area consists of a thin plate of bone (which may be incomplete or 
may contain air cells) that separates the cavity from the carotid 
canal in which the internal carotid artery is located. The upper part 
of the anterior wall is deficient since the canal containing the tensor 
tympani muscle opens in this location, and immediately below this 
area is the tympanic orifice of the auditory tube. 


Medial Wall 


The medial wall of the tympanic cavity is the petrous portion of the 
temporal bone surrounding the internal ear and separating the 
middle ear cavity from the inner ear cavity. 


Several markings of importance are found on its surface, including 
the broad prominence produced by the anterior end of the lateral 
semicircular canal and the prominence of the facial (fallopian) canal 
produced by the horizontal portion of the facial nerve in its course 
between the inner and middle ears. The cochleariform process 
transmits the tendon of the tensor tympani muscle. Its apex is the 
landmark for the position of the turn (geniculum, or external genu) 
between the anterolaterally and posteriorly directed horizontal 
portions of the facial nerve. Immediately below the facial canal is the 
fossula fenestrae vestibuli (the stapes niche); it contains the oval 
window, which is closed by the base of the stapes. Below the oval 
window is the promontory formed by the basal turn of the cochlea. 
The tympanic nerve plexus lies on the promontory. Below the back 
part of the promontory, the cochlear fossula (the round window 
niche) leads to the round window or fenestrae cochlea. Behind the 
promontory is a depression referred to as the sinus tympani, a site 
that may harbor infections and may transmit infections to the 
ampullary end of the posterior canal and posterior end of the lateral 
canal if the infection is deeply situated (1). 


Middle Ear Ossicles and Muscles 


The middle ear bones, or ossicles, include the malleus, incus, and 
stapes (Figure 14.12). The parts of the malleus include a head, upper 
and lower manubrium (handle), lateral process, and anterior process. 
The malleus is closely attached to the tympanic membrane by its 
manubrium (handle) and its lateral process, while its head projects 
above the epitympanic recess to articulate with the body of the 
incus. The anterior (long) process (processus gracilis) of the malleus 
extends obliquely downward from the neck toward the 
tympanosquamous fissure. In infants, the anterior process may reach 
the tympanosquamous fissure; but, in adults, the distal part is 
transformed to connective tissue, forming the anterior ligament of 
the malleus (1). The malleus is also attached to the tympanic wall by 
Superior and lateral mallear ligaments. The lateral ligament attaches 
the neck of the malleus to the margin of the tympanic notch. 


The parts of the incus include its body and the long and short 
processes. The body of the incus is fitted against the head of the 
malleus and lies in the epitympanic recess. The short process (crus) 
rests in a depression referred to as the fossa of the incus, which is 
situated in the posterior wall of the tympanic cavity below the aditus 
ad antrum. The long process (crus) of the incus descends parallel 
and slightly posteromedial to the manubrium of the malleus but at its 
lower end turns medial to articulate with the stapes (1). The incus is 
held in place by a posterior ligament that attaches to its short 
process and by a superior ligament to attach to the body. The 
knoblike expansion of the long crus of the incus (at the 
incudomallear joint) is referred to as the lenticular process. 


The stapes is formed by its two crura, a head that lies at the junction 
of the crura and a footplate that lies on the oval window (Figure 
14.13). The head of the stapes articulates with the incus. From its 
articulation with the incus, the 
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stapes passes almost horizontally to the oval (vestibular) window. 


The footplate of the stapes is attached to the oval window by the 
annular ligament. The latter, a ring of elastic fibers, allows 
movement of the stapes but seals any potential space between its 
footplate and the edges of the oval window. 
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Figure 14.12 Diagrammatic depiction of the anatomy of the 
middle ear ossicles: A. frontal aspect (rotated through 
approximately 90A°), and B. medial aspect. (Reprinted with 
permission from 

Hollinshead WH. The ear. In: Hollinshead WH, ed. Anatomy for 
Surgeons. 3rd ed. Philadelphia: Harper & Row; 1982:159â€“122. 


The incudomallear and incudostapedial joints are synovial 
(diarthroidal) (see below). In addition to their ligaments, the stapes 
and manubrium of the malleus have muscles attached to them. The 
stapedius muscle diminishes the excursion of the base of the stapes 
by its reflex contraction. Important functions ascribed to the 
stapedius muscle are to protect the inner ear from excessive sound 
and to improve discrimination for higher frequencies in speech. The 
stapedius muscle is innervated by a branch of the facial nerve. 


Figure 14.13 Intact resected stapes, showing (from left to right) 
its head, two crura, and footplate. 


The tensor tympani muscle draws the manubrium medially, thereby 
tightening the tympanic membrane. The tensor tympani muscle is felt 
to primarily protect against excessive noise but also functions, in 
conjunction with the tensor veli palitini muscle, to respond to 
Swallowing and electric stimulation from the tongue. The action of 
these two muscles pumps air from the tympanic cavity into the 
auditory tube, forcing air into the nasopharynx and helping to open 
the isthmus (10). The tensor tympani muscle is innervated by a 
branch of the mandibular nerve. 


Auditory (Eustachian or Pharyngotympanic) 
Tube 


The auditory tube extends from its tympanic ostium high on the 
anterior wall of the tympanic cavity to a nasopharyngeal ostium 
situated posterior to the inferior nasal concha (1). The tube is not 
straight but slightly S-shaped. In the adult, the tympanic ostium is 
approximately 2 to 2.5 cm higher than is the nasopharyngeal end; 
the tube runs downward, medially, and anteriorly to the 


nasopharynx. The length of the tube in adults varies from 31 to 38 
mm (11). In infants, the tube is shorter, relatively wider, and more 
horizontal in its coursea€”and, therefore, an easier pathway for 

infections ascending from the nasopharynx to the tympanic cavity. 


The tube can be divided into an osseous portion and cartilaginous 
portion. The osseous portion or canal has a bony wall and is the 
lateral, or tympanic, third of the tube. The anteromedial two-thirds 
has a cartilaginous and connective tissue wall and is referred to as 
the cartilaginous portion of 
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the tube. The cartilaginous and osseous tubes meet at an obtuse 
angle. 


Histology 


Tympanic Cavity Proper 


Histologically, the epithelial lining of the tympanic cavity is a single 
layer of respiratory epithelium of flattened to cuboidal epithelium 
(Figure 14.14). Under normal conditions, there are no glandular 
elements within the middle ear; the presence of glandular epithelium 
in the middle ear is abnormal (see below under Selective 
Abnormalities). Further, stratified squamous epithelium is not 
present in the tympanic cavity under normal conditions nor does 
Squamous metaplasia occur in the middle ear (5). Ciliated 
pseudostratified columnar epithelium may be found in limited patches 
among the flattened or cuboidal epithelium. 


Auditory Tube 


The lining of the auditory tube is a low ciliated epithelium for much 
of its length except as it approaches its nasopharyngeal end, where it 
becomes ciliated pseudostratified columnar epithelium containing 
goblet cells. In its cartilaginous portion, it also contains 


seromucinous glands (Figure 14.15). The auditory tubes contain a 
lymphoid component, particularly in children, that is referred to as 
Gerlach's tubal tonsil (Figure 14.16). Reactive hyperplasia of this 
lymphoid component, particularly in children, may close off the 
auditory tube, providing a desirable milieu for otitis media. The 
mucosa of the osseous portion of the auditory tube is separated from 
the carotid canal by a thin plate of bone measuring 1 mm in 
thickness (5). Dehiscence of the carotid canal is fairly frequent (12). 
Squamous carcinoma of the middle ear or auditory tube, a rare 
occurrence, may easily penetrate this area and gain access to the 
carotid artery, with the potential for widespread dissemination (13). 
The cartilage of the nasopharyngeal portion of the auditory tube is 
hyalin type. 


Figure 14.14 The epithelial lining of the tympanic cavity is a 
single layer of epithelium (cuboidal to respiratory). Under normal 
conditions, glands are not identified within the tympanic cavity. 


Figure 14.15 Cartilaginous portion of auditory tube with 
seromucinous glands. 


Mastoid Air Cells 


The mastoid air cells represent a network of intercommunicating 
Spaces that emanate from the tympanic cavity (5). Each air cell is 
lined by flattened to cuboidal epithelium, which rests on periosteum 
that covers a thin frame of lamellar bone (Figure 14.17). 


Pneumatization of the Temporal Bone 


In the newborn, the rudimentary mastoid bone contains a single air 
Space, the antrum, surrounded by diploic bone 
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containing hematopoietic elements (14). As the mastoid process 
develops, the marrow spaces hollows out. The mesenchymal 
component occupying the space is resorbed and the developing air- 
containing cells become lined by the advancing endodermal 
epithelium. The mastoid process is constantly pneumatized in adults, 


although not in the infant. The cells grow out from the antrum, as 
well as from each other, forming complex interlocking chains of thin- 
walled cavities opening into each other. The antrum apparently 
always has air cells; the mastoid process is usually one of several 
types, including pneumatized (containing air cells), diploic 
(containing marrow), mixed (containing air cells and marrow), or 
sclerotic. Approximately 80% of mastoid are well pneumatized by the 
age of 3 or 4 years; but, in approximately 20% of people, normal 
pneumatization fails to occur (1,15). 


Figure 14.16 Mucosa of auditory tube. The lining is of ciliated 
columnar epithelium. In the lamina propria beneath, there are 
numerous lymphocytes that are probably the result of 
inflammation. 


Figure 14.17 A. Mastoid air cells (center), tympanic membrane 
(lower right), and squamous epithelium of the osseous portion of 
the external canal (right). Note the thin covering of skin over the 
external ear canal and the proximity of bone to it. B. Higher 
magnification shows the very thin epithelial layer of the mastoid 
air cells resting on perisoteum covering lamellar bone. 


Figure 14.18 Stapes footplate showing persistence of cartilage. 


Middle Ear Ossicles 


The middle ear ossicles develop from cartilage with a single center of 
ossification for bone; there is no epiphyseal ossification. The 
persistence of cartilage in each of the ossicles (Figure 14.18) and the 
bifurcation of the stapes to form the crura with the obturator 
foramen between them distinguishes the middle ear ossicles from 
other long bones (5). 


The head of the stapes is formed of endochondral bone with a 
cartilaginous cap at the incudostapedial joint. The crura of the stapes 
are formed of periosteal bone only. From the middle ear aspect of 
the stapes footplate to its vestibular surface, the histologic findings 
include the flattened to cuboidal epithelium of the tympanic cavity, a 
thin layer of bone, cartilage, and a single flattened (perilymphatic) 
epithelial cell layer (Figure 14.19). 


Figure 14.19 Stapes footplate. Beneath the cubical epithelium of 
the middle ear (above), there is a thin layer of bone. Below this, 


the footplate consists of cartilage, and there is a basal flattened 
layer of cells comprising the lining of the vestibule. 
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Figure 14.20 A. Incudomalleal joint. Note the joint capsule at 
each end of the joint. The joint space is occupied by the 
fibrocartilage of the articular disk. B. Higher power view of the 


incudomalleal joint; note one end of joint capsule and articular 
disk. 


The malleus and incus have an outer covering of periosteal bone 
layer and an inner core of endochondral bone with well-formed 
haversian systems. The manubrium (handle) of the malleus is 
predominantly covered by retained cartilage rather than periosteal 
bone. The entire inner core of the manubrium, as well as the rest of 
the malleus, is composed of endochondral bone. The anterior process 


is formed in membrane early in fetal life and merges with the 
malleus after its formation (5). At its Superior aspect, the manubrium 
is separated from the tympanic membrane by a ligament covered by 
the middle ear epithelium. The short process of the incus shows a tip 
of unossified cartilage. 


Middle Ear Joints 


Both the incudomalleal and incudostapedial joints are diarthrodial. 
Middle ear epithelium is present on the outer surface of the joint 
capsule, and synovial membrane is present on its inner surface. The 
joint capsule is comprised of fibrous tissue with a high elastic fiber 
content (5). The articular disk, representing the space in between 
the articular ends, is comprised predominantly of fibrocartilage 
(Figure 14.20). The articular processes of both the malleus and the 
incus are covered by cartilage. 


The annular ligment binds the cartilaginous edge of the stapes 
footplate to the cartilaginous rim of the vestibular window 
(stapediovestibular joint) (Figure 14.21) and is composed of fibrous 
tissue, with elastic fibers being prominent near the ligament surfaces 
(16). Cartilage also covers the articular surfaces of the 
Stapediovestibular joints. 


The fissula ante fenestrum is the canal linking the middle ear with 
the vestibule. It lies in the bone just anterior to the 
Stapediovestibular joint and develops as a slit filled with fibrous 
tissue that is often with associated cartilage (Figure 14.22). 


Middle Ear Muscles 


The muscles of the middle ear, including the tensor tympani and 
stapedius muscles, are composed of a central tendon formed by 
elastic tissue with muscle fibers radiating from it (Figure 14.23). This 
configuration has been described as feather-shaped. The tensor 
tympani muscle has a prominent mature adipose tissue component 


(Figure 14.24) that is believed to function as insulation for the 
cochlea against electric effects from its contraction (5). 


Figure 14.21 Stapediovestibular joint, part of footplate of 
stapes, adjacent bony labyrinthine wall, and crus of stapes. The 
footplate shows a lamina of cartilage on its vestibular surface, 
which is continuous with the cartilage of the stapediovestibular 
joint. (M, middle ear cavity; V, cavity of vestibule) 
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Inner Ear 
Embryology 


The first division of the ear to develop is the inner ear, which 
appears toward the end of the first month of gestation (2,17). The 


membranous labyrinth, including the utricle, saccule, semicircular 
ducts, cochlear duct, and endolymphatic sac, arises from the _ placodal 
thickening of the ectoderm to become a closed otic vesicle (otocyst). 
The otic vesicle forms from the invagination of the surface ectoderm, 
located on either side of the neural plate, into the mesenchyme. This 
invagination eventually loses its connection with the surface 
ectoderm. The membranous labyrinth, which is essentially tubular 
and saccular is filled with fluid, the endolymph or endolymphatic 
fluid. The early development of the membranous labyrinth takes 
place in mesenchyme and subsequently in the cartilage destined to 
form the petrous portion of the temporal bone (1). The membranous 
labyrinth lies in cavities excavated from 
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this mesenchyme or cartilage. The space lying between the inner 
surface of the bony wall and the outer surface of the membranous 
labyrinth is the perilymphatic space. The perilymphatic space 
develops around the membranous labyrinth by fusion of 
mesenchymal spaces to form larger ones surrounding the 
membranous portion. The bony labyrinth, including the vestibule, 
semicircular canals and cochlea arises from the mesenchyme around 
the otic vesicle (2,17,18). 


Figure 14.22 Fissula ante fenestrum is the canal within bone 
that links the middle ear with the vestibule and develops as a slit 
filled with fibrous tissue. 


Figure 14.23 Stapedius muscle and tendon. The skeletal muscle 
fibers and fibrous bands between them radiate to a tendon. 


Figure 14.24 Tensor tympani muscle showing the presence of a 
mature adipose tissue component. 
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Figure 14.25 Schematic depicting the osseous labyrinth. 


Anatomy 


The internal (inner) ear, or labyrinth, is embedded within the petrous 
portion of the temporal bone and comprises the medial portion of the 
temporal bone adjacent to the cranial cavity. The inner ear contains 
the membranous labyrinth, which is surrounded by an osseous layer 
or bony shell termed the osseous (bony) labyrinth (Figure 14.25). 
The membranous labyrinth contains the cochlea, which is the organ 
of hearing, and the vestibular system, which is the system of balance 
(equilibrium). 


Osseous Labyrinth (Otic Capsule) 


The osseous labyrinth consists of the vestibule and cochlear capsule. 
The central portion of the osseous labyrinth cavity is the vestibule, a 
large ovoid perilymphatic space approximately 4 mm in diameter and 
containing both the saccule and utricle of the membranous labyrinth. 
In the floor of the bony vestibule are seen the elliptical recess for the 
anterior end of the utricle and, anterior and lateral to this, the 
spherical recess for the saccule. In the lateral wall of the vestibule is 
the oval window, in which the base of the stapes is situated. Through 
the stapes, the perilymph of the vestibule receives vibrations from 
the tympanic membrane and ossicular chain (set up by sound waves 
reaching the tympanic cavity). Along the medial wall and floor of the 
vestibule, where it abuts the lateral end of the internal acoustic 
meatus, are small openings for the entrance of the nerve branches to 
the vestibular portion of the ear (1). 


The bony cochlea, a part of the otic capsule, is a hollowed spiral 
about two- to three-fourths turns, diminishing from a relatively broad 
base to a pointed cupula, or apex. It is so named because of its 
resemblance to a snail shell. The base of the cochlea lies against the 
anteromedial surface of the vestibule and next to the anterior 
surface of the lateral (blind) end of the internal auditory canal. A 
central core of bone called the modiolus runs forward from the 
cochlea but does not reach the cupula. It is around this central core 
that the spiral channels of the cochlea (perilymphatic and 
endolymphatic) are arranged. A layer of bone arranged in a spiral 
fashion unites the modiolus to the peripheral wall of the bony cochlea 
and separates successive spiral cavities from each other (1). The 
modiolus is hollow to accommodate 
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the cochlear nerve. The base of the modiolus lies against the lateral 
end of the internal auditory canal, to which the cochlear nerve runs. 


The vestibular aqueduct extends through the otic capsule from the 
vestibule to the posterior cranial fossa, transmitting the 


endolymphatic duct. The terminal end of the vestibular aqueduct is 
the endolymphatic sac, a dilated area that ends blindly outside the 
dura (1). The cochlear duct opens at one end into the lower end of 
the scala tympani and at the other end into the subarachnoid cavity 
(1). The issue as to whether the cochlear duct represents an open 
channel between the subarachnoid space and the perilymphatic space 
at the lower end of the scala tympani remains controversial (1). A 
possible role ascribed to the cochlear duct is to serve as part of the 
pressure-adjusting mechanism of the perilymph in conjunction with 
the round window (19,20,21). 


Membranous Labyrinth 


The membranous (otic) labyrinth is the spiral-appearing structure 
that resembles the shell of a snail. The principle components of the 
membranous labyrinth are the cochlear duct, utricle, saccule, ductus 
reuniens, semicircular canals with their ampullae, and the 
endolymphatic sac and duct. 
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Figure 14.26 Schematic illustration of the membranous 
labyrinth, containing the cochlea (organ of hearing) and the 
vestibular (system of balance) systems. The relationship between 
the endolymph, containing scala media (cochlear duct), and the 
perilymph, containing scala vestibuli and scala tympani, is 
Shown. (Reprinted with permission from: 

Nager GT. Anatomy of the membranous cochlea and vestibular 


labyrinth. In: Nager GT, ed. Pathology of the Ear and Temporal 
Bone. Baltimore: Williams & Wilkins; 1993:3a€“48. 
) 


Cochlear Duct 


The membranous cochlea, or cochlear duct, is a cone-shaped spirally 
oriented membranous tube between the osseous spiral lamina and 
the outer osseous wall of the cochlea, to which it is attached (7). The 
cochlear duct, also referred to as the scala media, lies between the 
scala vestibuli and the scala tympani (Figure 14.26). These three 
compartments are fluid-filled. The cochlear duct, as well as the entire 
membranous labyrinth, contains endolymph. The scala vestibuli and 
the scala tympani contain perilymph. The cerebrospinal fluid 
communicates directly with the perilymphatic space through the 
cochlear aqueduct (perilymphatic duct) (Figure 14.27). 


The cochlear duct contains the sensory end organ of hearing known 
as the spiral organ of Corti. The organ of Corti rests on the basilar 
membrane, which separates the 
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cochlear duct from the scala tympani (Figure 14.26). Together, the 
organ of Corti and the basilar membrane form the spiral membrane 
that is the floor or tympanic wall of the cochlear duct. The spiral 
ligament is a thickened, modified portion of periosteum of the bony 
cochlea, forming the outer curved wall of the cochlea duct and 
adjacent parts of the scalae. The scala tympani lies below the basilar 
membrane, while the scala vestibuli lies above the cochlear duct and 
is separated from it by Reissner's membrane. Reissner's membrane 
forms the roof of the cochlear duct. The scala tympani and scala 
vestibuli Communicate with each other only at the apex, known as 
the helicotrema. The scala vestibuli winds toward the apex of the 
cochlea at the helicotrema, becoming the scala tympania€”which, in 
turn, coils back toward the round window (Figure 14.28). The scala 


vestibuli and the scala tympani communicate with the middle ear via 
the oval window and round window, respectively. The scala tympani 
ends blindly at the round window membrane, but the scala vestibuli 
opens up at that level into the perilymphatic space of the vestibulum. 
The cochlear duct connects with the vestibular system via ductus 
reuniens located at the saccule. In this way, the three semicircular 
canals that comprise the vestibular system are filled with endolymph. 


PERILYMPH 


Figure 14.27 Schematic depicting the direct communication 
between the perilymphatic space and cerebrospinal fluid (CSF) 
through the cochlear aqueduct (perilymphatic duct). 


Utricle 


The utricle is an elongated to oval-shaped portion of the 
membranous labyrinth, lying superior to the saccule in the medial 
wall of the vestibule (Figure 14.29). It is larger in diameter than the 
semicircular ducts and receives both ends of each semicircular duct 
(for a total of five, since the anterior and posterior ducts share a 
common opening). The macule of the utricle, located on the inferior 
surface of the utricle (utricular recess), is a sensory end organ. The 
utriculosaccular duct usually arises from the utricle; it communicates 


with the endolymphatic duct and connects the utricle to the saccule. 
As previously indicated, the three semicircular canals communicate 
with the utricle via openings formed by the union of the nondilated or 
nonampullary ends of the superior and posterior canals, termed the 
commun crus. 
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Figure 14.28 Cochlea, bony cochlea, and modiolus. (Arrows, 
spiral ganglion cells of basal and middle coils in modiolus; E, 
endosteal layer of bone; G, endochondral layer containing globuli 
interossei; M, modiolus; P, periosteal layer; SM, scala media; ST, 
scala tympani; SV, scala vestibuli) 


Saccule 


The saccule is located anteromedial to the upper (anterior) end of 
the utricle (Figure 14.29) and tends to be more round than the 


utricle. The saccule and utricle are continuous via the 

utriculosaccular duct and with the cochlear duct by the ductus 
reuniens (also referred to as the canalis reuniens of Hensen) (1). The 
macule of the saccule contains 
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the sensory nerve endings of this portion of the inner ear and is an 
oval thickening on the lateral wall. 


Figure 14.29 Ventricle of cat showing utricle (U) and saccule 
(Sa). (St, stapes) 


Semicircular Canals 


The semicircular ducts include the anterior or superior duct, the 
posterior duct, and the lateral ducts. The end of each semicircular 
duct is expanded to form the ampulla. The anterior duct is directed 
anterolaterally, the posterior duct is directed posterolaterally, and 
the lateral ducts form a laterally directed angle of approximately 
90A° between themselves. The osseous canals follow a similar 
direction. The three semicircular canals communicate with the utricle 


via openings formed by the union of the nondilated or nonampullary 
ends of the superior and posterior canals (the common crus). From 
the common crus, the anterior duct curves upward, while the 
posterior duct curves backward and then downward. The other 
(membranous) ampullary ends of the semicircular canals contain the 
sensory endings of the ducts. At the ampullary ends, the anterior and 
posterior ducts empty into the utricle. The lateral semicircular duct 
lies in an approximate horizontal plane; both of its ends also connect 
to the utricle, with the anterior end being the ampulla. 


Endolymphatic Duct and Sac 


The endolymphatic duct traverses the medial portion of the petrous 
pyramid in its own bony canal, the vestibular aqueduct (7). The 
endolymphatic duct can be divided into segments. The first segment 
is the dilated portion referred to as the sinus, representing the 
common channel into which the utricular and saccular ducts open. 
The next segment of the duct is narrow and referred to as the 
isthmus. After the isthmus, the duct widens again to become the 
endolymphatic sac. The majority of the endolymphatic sac is located 
within the funnel-shaped cranial aperture of the cochlear duct, lying 
within a duplication of the posterior fossa dura and partially covered 
medially by a thin bony shelf referred to as the operculum. The 
endolymphatic sac ends in a terminal dilatation or fovea of the sac. 
Two portions of the endolymphatic sac are recognized: a proximal 
rugose portion with an irregular lumen caused by numerous folds of 
the epithelial lining and a distal portion with a smooth epithelial 
lining. 


The membranous vestibular system contains the receptor organs for 
sense of motion and position. The neural structures of the inner ear, 
including the vestibulocochlear nerve and the facial nerve, enter the 
inner ear through the internal auditory canal. 


Inner Ear Innervation 


The nerve to the inner ear is cranial nerve VIII, variably referred to 
as the acoustic, auditory, or vestibulocochlear nerve. This nerve 
functionally consists of vestibular and cochlear divisions. In the 
internal auditory canal, these two parts are closely associated; but, 
at the lateral end of the canal, the nerve trunk divides into three 
parts, including two vestibular and one cochlear. 


The vestibular nerve arises from the bipolar cells of the superior and 
inferior division of the (afferent) vestibular, or Scarpa's, ganglion 
located at the lateral end of the internal auditory canal. Peripherally, 
the vestibular nerve divides into two main divisions, the superior and 
inferior divisions. The superior part of the ganglion gives nerves to 
the ampullae of the lateral and anterior (superior) canals and to the 
saccular and utricle maculae. The inferior part of the ganglion gives 
rise to a posterior ampullary nerve and a nerve to the saccule. The 
inferior part also gives rise to a branch to the cochlear division. 


The cells of origin for the cochlear nerve form the spiral ganglion, 
which represents the first of four neurons between the auditory end 
organ and the auditory cortex. The spiral ganglion is located in coils 
of the modiolus at the base of attachment of the osseous spiral 
lamina (see Figure 14.28). The osseous spiral lamina is a thin 
trabecula of bone surrounding afferent nerve fibers that run from the 
organ of Corti through the habenula perforata to the acoustic nerve 
and efferent fibers to the outer hair cells that arise from the 
olivocochlear system of Rasmussen. The efferent fibers make their 
exit from the brain with the vestibular part of the nerve and join the 
cochlear branch of cranial nerve VIII via the vestibulocochlear 
communicating branch, or nerve of Oort through the modiolus (1). 
Prior to reaching the modiolus, the nerve fibers are unmyelinated but 
are myelinated upon reaching the cochlear modiolus. The central 
fibers, or axons, of these bipolar neurons unite to form nerve 
bundles and pass from the cochlear modiolus through nerve channels 
in the osseous spiral foraminous tract into the internal auditory 
canal, where they form the cochlear nerve. 


Within the internal auditory canal, the vestibulocochlear nerve is 
usually connected to the facial nerve. Together, the three nerves 
enter the posterior cranial fossa, transverse the cerebellopontine 
angle, and enter the brainstem at the posterior lower lateral aspect 
of the pons. The central auditory pathways consist of three additional 
neurons that form numerous connections with nuclei throughout the 
central nervous system as part of a complex auditory reflex system 
reaching the auditory cortex in the anterior transverse gyrus of the 
Superior temporal lobe (7,8). 


The facial nerve enters the temporal bone through the internal 
auditory meatus within the petrous portion of the temporal bone in 
company with (lying above) the vestibulocochlear nerve and the 
internal auditory artery. The facial nerve then passes Bill's bar, 
which represents a pointed bony projection separating the facial 
nerve from the superior division of the vestibular nerve. At the outer 
end of the canal, the facial nerve pierces arachnoid and dura to enter 
its own bony canal, the facial canal (fallopian 
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canal, or aqueduct of Fallopius). This canal continues for a short 
distance, and the facial nerve comes to lie just above the cochlea, 
where it bears the geniculate ganglion. The greater petrosal nerve 
comes off the geniculate ganglion and passes anteriorly and medially 
to enter the middle cranial fossa. Immediately beyond the geniculate 
ganglion, the facial nerve turns sharply (external genu; geniculum) 
laterally and posteriorly. As it runs backward in the bone of the 
lateral wall of the vestibule (which is the medial wall of the tympanic 
cavity), the facial nerve inclines downward and laterally where the 
bone surrounding it forms a bulge or projection, referred to as the 
prominence of the facial canal. This bulge or prominence is a normal 
finding, and it may be large enough to cover the oval window and 
base of the stapes. The facial nerve then makes a broad curve 
downward to run almost vertically through the mastoid process to the 
stylomastoid foramen, where the facial canal ends and the nerve 
exits from the skull. 


Shortly before leaving the stylomastoid foramen, the facial nerve 
gives off the chorda tympani, which is composed of sensory and 
preganglionic motor fibers. Slightly above the stylomastoid foramen, 
the chorda tympani leaves the facial trunk and takes a recurrent 
course upward and forward in its canaliculus (a€oeiter chordae 
posteriusa€* ) to enter the tympanic cavity through its posterior 
wall. Within the tympanic cavity, it passes between the malleus and 
incus and leaves the tympanic membrane through a canal in the 
pterygotympanic fissure (â€œiter chordae anteriusa€* ), where it 
joins the lingual nerve to be distributed to the anterior two-thirds of 
the tongue (taste buds) and to the submandibular ganglion, through 
which postganglionic fibers reach the submandibular and_ sublingual 
Salivary glands. 


Histology 


Osseous Labyrinth 


The cavity of osseous labyrinth (otic capsule) surrounds and 
replicates the outline of the membranous labyrinth lying within it. 
The osseous labyrinth is extremely dense and includes three layers: 
an outer periosteal layer; a middle layer in which there is persistence 
of much of the calcified cartilaginous matrix referred to as globuli 
interossei or globuli ossei (Figure 14.30); and an inner layer abutting 
the membranous labyrinth and lined by a thin layer of internal 
periosteum (also referred to as endosteum) (5). The density of the 
osseous labyrinth is necessary to insulate and safeguard the delicate 
vibrations of the fluids contained within it and is necessary in 
maintaining the integrity and functions of hearing and balance (5). 
As noted by Michaels (5) the bone of the adult osseous labyrinth is 
neither lamellar nor woven bone but a€cesomewhere in betweend€e ; 
in contrast to other adult bone, the osseous labyrinth lacks the 
normal developmental process of removal and replacement of 
calcified cartilaginous matrix and of primitive bone (5). 


Figure 14.30 Globuli ossei (left) and endosteum (right) of 
cochlea. 


Membranous Labyrinth 


The membranous labyrinth consists of epithelium-lined channels 
surrounded by connective tissue. The three basic divisions of the 
membranous labyrinth (including the semicircular canals, the utricle 
and saccule, and the cochlear duct) have similar structure, consisting 
of a specialized thickened epithelium surrounded by and attached to 
a fibrogelatinous membrane. The specialized epithelium consists of 
supporting cells and neuroepithelium or hair cells. The 
neuroepithelium has processes (a€cehairsa€* ) that project from the 
free edge of the cells. 


Cochlea 


The organ of Corti consists of neurotransmitting hair cells that rest 
on the basilar membrane and is arranged in a Spiral like the duct 
itself (Figure 14.31). The organ of Corti consists of supporting cells 


and hair cells. The supporting, or pillar, cells are of several different 
types. Among the more important supporting cells are the phalangeal 
cells, which are arranged in two groups: an inner or single row of 
cells and an outer row of cells (cells of Deiters) formed from three to 
five rows of cells, depending on the level of the cochlea, with more 
rows of cells toward the apex and fewer rows of cells toward the 
base. 


The inner row of phalangeal cells is associated with a single layer of 
hair cells; the outer row of phalangeal cells alternate with rows of 
hair cells. The phalangeal cells get their name from the shape of the 
stiff processes that project 

P.388 
from the cells contributing to the reticular membrane that covers the 
free surface of the organ (1). The hair cells have numerous (40 to 
100 per cell) a€oehairsa€* projecting from the reticular (cuticular) 
surface. The outer hair cells are more sensitive, are short and 
wedge-shaped between the apices of the phalangeal cells in order to 
reach the basilar membrane, and are believed to be responsible for 
the cochlear microphonics (1). The inner hair cells are long, are less 
susceptible to damage than the outer hair cells, and believed to be 
less sensitive to sound. 


Figure 14.31 Scala media of cat. (BM, basilar membrane; OC, 
organ of Corti; RM, Reissner's membrane; SL, spiral limbus; SP, 
spiral prominence; SV, stria vascularis; TM, tectorial membrane) 


Intercellular spaces among the cells of the organ of Corti are 
apparently filled with intercellular substance. The largest of these 
Spaces runs the entire length of the organ of Corti between inner and 
outer rows of phalangeal and hair cells and is referred to as the 
tunnel, or canal, of Corti (Figure 14.32). The tunnel of Corti is 
bounded by special supporting cells, the inner and outer pillars 
(Corti's rods) (Figure 14.32). The tunnel and pillars together form 
Corti's arch. 


The basilar membrane is fibrous tissue that supports the organ of 
Corti. The basilar membrane has the tectorial membrane attached to 
it. The basilar membrane has fibers that pass from the bony spiral 
lamina to the spiral crest of the spiral ligament. The basilar 
membrane increases in size from the base to the apex of the cochlea 
and is felt to have resonator action with deformation of the 
membrane by sound, beginning at its lower end and traveling toward 
the helicotrema. The tectorial membrane is a gelatinous structure 
with numerous fine fibers. Like the basilar membrane, the tectorial 
membrane increases in size from the base to the apex of the cochlea 
and is believed to have a vibratory effect on the hair cells. 


Together, the organ of Corti and the basilar membrane form the 
spiral membrane, which is the floor or tympanic wall of the cochlear 
duct. The spiral ligament is a thickened, modified portion of 
periosteum of the osseous cochlea, which forms the outer or curved 
wall of the cochlear duct and adjacent parts of the scalae. The 
vestibular, or Reissner's, membrane is thin and consists of two layers 
of cells: an inner cell layer of ectodermal origin (consisting of 
epithelial-like clusters) and an outer layer of mesodermal origin 
(consisting of large, flat, and elongated cells) (5). This membrane 
forms the roof of the cochlear duct. In MA@niA‘re's disease (see 
below), the vestibular membrane bulges toward the scala vestibuli. 
In the outer (vertical) wall of the cochlear duct is the stria 

vascularis, which is supplied by 30 to 35 small arteries that originate 
from the modiolar region of the scala vestibuli and pass outward to 
the lateral wall of the osseous labyrinth (Figure 14.31) (22). It is 
believed to be the source of the endolymph (23). The tissue spaces 
of the spiral ligament serve as a site of absorption (24). The stria 
vascularis is altered in ototoxic conditions, as may occur secondary 
to use of cisplatin, diuretic agents, and other drugs (see below under 
Presbycusis and Other Hearing Loss) (5). 


Te 


Figure 14.32 Higher power view of the organ of Corti (see 
Figure 14.31). (I, inner hair cells; O, outer hair cells; P, pillar 
cells (walls of tunnel); Te, tectorial membrane; Tu, tunnel of 
Corti) 


Figure 14.33 Higher power of a part of Figure 14.29, showing 
macula of the saccule. 
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Semicircular Canals, Utricle, and Saccule 


The end of each semicircular duct is expanded to form an ampulla. 
The sensory endings in the ampullae of the ducts are the cristae. 
Each crista consists of thickened epithelium; above each crista rests 
a gelatinous formation of viscous protein polysaccharide called the 
cupola. The hairs of the neuroepitheial hair cells project into the 
base of the cupola. As a result of the gelatinous nature of the cupola, 
it may be bent by the pressure of the endolymph, which apparently 
stimulates the hair cells and, therefore, the nerve endings of the 
cristae. 
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Figure 14.34 Schematic representation of the ultrastructure of 
vestibular hair cells showing the principal features of type | and 
type II hair cells and their supporting cells (Reprinted with 
permission from: 

Nager GT. Anatomy of the membranous cochlea and vestibular 
labyrinth. In: Nager GT, ed. Pathology of the Ear and Temporal 
Bone. Baltimore: Williams & Wilkins; 1993:3a€“48 

Ve 


The utricle and saccule, representing the two main membranous 
structures of the vestibule, are lined by a sensory epithelium known 
as the macula (Figure 14.33). The maculae are identical to one 
another in structure and are similar to the cristae of the semicircular 
canals. By transmission electron microscopy, these sensory cells are 
of two types: type | cells are flask-shaped with a swollen basal 
portion; type II cell is cylindrical. Type | cells are attached to fibers 
of the sensory nerves by a wide chalicelike terminal, and the 
terminal of type II cells is connected by buttonlike attachments of 
the nerve (Figure 14.34) (5). The sensory epithelium consists of hair 
cells, which in turn have stiff, immotile projections embedded in the 
gelatinous otolithic membrane. Also embedded in the otolithic 
membrane are crystalline bodies, referred to as otoliths, that contain 
calcium carbonate and a protein suspended in a jellylike 
polysaccharide. It is only in the presence of otoliths that the maculae 
differ from the other sensory areas of the ear. 
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Figure 14.35 Schematic illustration of the cranial and spinal 
nerves showing that most of the nerves have glia extending for 
only a fraction of a millimeter beyond their external origins with 
the exceptions of the optic nerve, which is really a tract of brain 
(given the presence of neuroglia throughout its length), and the 
vestibulocochlear nerve (cranial nerve VIII). The 
vestibulocochlear nerve typically has glia extending from 6 to 8 
mm along its course. (From: 

Tarlov IM. Structure of the nerve root. II. Differentiation of 
sensory from motor roots: observations on identification of 
function in roots of mixed cranial nerves. Arch Neurol Psychiatr 
1937 37: 135GR L55 

Ve 
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Nerves and Paraganglia 


Most cranial and spinal nerves have glia extending only a fraction of 
a millimeter beyond their external origins (25,26). The optic nerve 
contains neuroglia throughout its length and, thereby, really is a 
tract of brain rather than a true nerve. The exception to the other 
cranial nerves is the eighth (vestibulocochlear) nerve, which typically 
has glia extending from 6 to 8 mm along its course (Figure 14.35). 
This distribution of glia along cranial nerve VIII helps explain the 
greater occurrence of glial tumors on this nerve as compared to the 
other cranial nerves (25). The vestibular and cochlear divisions are 
fused near the entrance to the internal auditory meatus; at this 
location, the nerve changes in appearance from pale staining 
proximally to dark staining distally. This change in appearance is the 
result of the abrupt transition of the coverings of the nerve fibers 
from the pale staining oligodendroglia to the darker staining Schwann 
cells (Figure 14.36). This glial-Schwann sheath junction of the cranial 


nerve VIII is referred to as the Obersteiner-Redlich zone. Acoustic 
neuromas (also referred to as vestibular neuromas) may arise 
anywhere between this junction and the cribrosa area at the fundus 
of the canal (27). 


Figure 14.36 The vestibular and cochlear divisions of the 
vestibulocochlear nerve are fused near the entrance to the 
internal auditory meatus. At this location is the glial-Schwann 
Sheath junction, also referred to as the Obersteiner-Redlich zone, 
where the nerve changes in appearance from pale staining 
proximally to dark staining distally as a result of the abrupt 
transition of the coverings of the nerve fibers from the pale 
staining oligodendroglia to the darker staining Schwann cells. 


Paraganglia similar in structure to the carotid body are identified in 
the ear and may give rise to jugulotympanic paragangliomas. The 
majority of paraganglia are found in relation to the jugular bulb, and 
a minority are found under the mucosa of the medial side of the 
middle ear promontory (Figure 14.37). 


Endolymphatic Sac and Duct 


The lining epithelium of the endolymphatic duct is low cuboidal 
(Figure 14.38), and the epithelium of the endolymphatic sac is taller 
and has a papillary appearance (Figure 14.39). An aggressive 
neoplasm, termed the endolymphatic sac papillary tumor, is 
presumed to originate from the endolymphatic sac epithelium (28). 
This tumor, initially considered to represent a low-grade malignancy 
(i.e., adenocarcinoma), is potentially a locally destructive but not 
metastatic tumor characterized by variably appearing epithelium, 
including nondescript low-cuboidal to 
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papillary and glandular appearing neoplasm (28,29). Patients with 
this tumor often describe symptoms similar to those occurring in 
MA@niA‘ re's disease, including vertigo and spinning of the room. 
This tumor has been found to be associated with von Hippel-Lindau 
(VHL) syndrome, including the identification of the VHL gene (30,31). 


Figure 14.37 Normal tympanic paraganglion (arrow) under 
mucosa of medial side of middle ear over promontory. The 
tympanic membrane is on the right (Gomori's reticulin stain). 


Composition and Circulation of the 
Perilymph and = Endolymph 


Perilymph, which is partly a filtration of cerebrospinal fluid (CSF) and 
partly a filtration from blood vessels of the ear, has a similar 
chemical composition as CSF, resembling extracellular fluid with low 
potassium and high sodium concentrations. The similarities of 
perilymph and CSF support the concept that perilymph is derived 
from CSF. The anatomic basis for this concept is based on the 
consideration that the cochlear aqueduct (perilymphatic duct) opens 
into both the subarachnoid and perilymphatic spaces (1). An increase 
in CSF pressure results in flow into the labyrinth. 


Figure 14.38 Endolymphatic duct within the vestibular aqueduct. 
The duct is lined by low cuboidal epithelium. 


Figure 14.39 Endolymphatic sac, which is lined by tall columnar 
epithelium arranged on papillae. 


The perilymphatic spaces of each osseous semicircular canal are 
continuous on both ends with the perilymphatic space of the 
vestibule, and this space is continuous with the scala vestibuli, which 
is continuous with the scala tympani at the helicotrema. All 
perilymphatic spaces open widely into each other. Due to areas of 
discontinuity or deficiency in the compact bone of the petrous portion 
of the temporal bone, foci of Communication may exist between the 
perilymphatic space and other cavities. Such areas of potential 
communication include the middle and inner ear via the round and 
oval windows. In addition, the vestibular and cochlear aqueducts and 
the foramina for the nerves and blood vessels of the inner ear serve 
as potential channels between the inner ear and the cranial cavity. 


Endolymph is an intracellular-like fluid containing high potassium and 
low sodium concentrations. Endolymph contains more than 30 times 
as much potassium as does perilymph or CSF but about one-tenth as 
much sodium (32). Endolymph has a low protein content; its protein 


is entirely globulin instead of an admixture of globulin and albumin 
(1). It has a viscosity similar to the vitreous of the eye because of its 
high mucopolysaccharide content. The electrolyte concentration of 
the endolymph is critical for normal functioning of the sensory 
organs. It is generally believed that the main sources of endolymph 
are the stria vascularis, the epithelium of the ampullae of the 
semicircular ducts, and the epithelium of the maculae of the utricle 
and saccule. 


Endolymph circulates through the cochlear duct (scala media) 
downward to the base of the cochlea, through the ductus reuniens 
into the saccule, and then into the endolymphatic sac and duct, 
where it is reabsorbed. The cochlear duct communicates with the 
vestibular endolymph-containing sacs through two canals so that the 
endolymphatic system is, like the perilymphatic system, a continuous 
one. 
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Conduction of Sound 


Conduction of sound occurs via air and via bone. The pinna and 
external auditory canal conduct sound waves in air to the tympanic 
membrane. Conduction of sound by air is less efficient as compared 
with the ossicular route. The ossicular chain, including the malleus, 
incus, and stapes, enhances the sound energy transmission by 
conveying vibrations from the tympanic membrane to the footplate of 
the stapes and hence through the oval window of the vestibule to the 
perilymph. From the vestibular perilymph, vibrations derived from 
sound waves pass directly to the perilymphatic spaces of the cochlea, 
first via the scala vestibuli (upper compartment) ascending from the 
oval window, and then to the scala tympani (lower compartment) 
descending to the round window. The walls of the scala media (i.e., 
the cochlear duct, which contains endolymph) receive waves of 
vibrations from the adjacent perilymph (containing the scala vestibuli 
and scala tympani). Through the endolymph, the waves of vibrations 


affect the sensory cells of the organ of Corti, the sensory organ of 
sound reception located in the scala media, from which it passes to 
the cochlear nerve with transmission via central pathways to the 
cerebral cortex. 


Selected Abnormalities and Pathology 


External Ear 


Abnormalities of the external ear include those associated with first 
and second branchial arch syndromes. First and second branchial 
arch syndromes include otologic and nonotologic abnormalities. The 
otologic manifestations or abnormalities include malformed or absent 
external ears, atretic external auditory canal, and impaired hearing. 
The nonotologic abnormalities include asymmetric facies, 
abnormalities of the temporomandibular joint, neuromuscular 
abnormalities, and associated abnormalities of the cardiovascular, 
renal, and central nervous systems. Goldenhar's syndrome, also 
known as oculoauriculovertebral dysplasia, is a first and second 
branchial arch syndrome characterized by ear tags, preauricular pits 
and fissures, epidermoids, lipodermoids, and vertebral column 
abnormalities (33). 


Ear abnormalities can also be seen in association with other 
abnormalities, including Down's syndrome (Figure 14.40). Cryptotia 
is a rare anomaly in which the superior portion of the auricle is 
buried in the scalp (Figure 14.41). Microtia represents gross 
hypoplasia of the pinna with a blind or absent external auditory 
canal. Microtia is typically bilateral although the degree of hypoplasia 
may differ on the two sides. 


Accessory tragi (also referred to as accessory or supernumerary 
ears, accessory auricle, or polyotia) appear at birth and may be 
solitary or multiple, unilateral or bilateral, sessile or pedunculated, 
and soft or cartilaginous skin-covered nodules or papules. They are 


located on the skin surface, often anterior to the auricle, and may be 
mistaken clinically for a papilloma. Histologically, accessory tragi 
recapitulate the normal external auricle and include skin, cutaneous 
adnexal structures, and a central core of cartilage. Accessory tragi 
are thought to be related to second branchial arch anomalies. They 
may occur independently of other congenital anomalies but also may 
occur in association with cleft palate or lip, mandibular hypoplasia, or 
other anomalies such as Goldenhar's syndrome 

(oculoauriculovertebral dysplasia) (33). 


Figure 14.40 Individual with Down's syndrome. In comparison 
to non-Down's syndrome individuals, patients with Down's 
syndrome have external ears that are smaller, low set, and have 
an incompletely developed superior helix. 


In adults, diagonal earlobe crease has been associated with coronary 
artery disease and has been referred to as Frank's sign (34). The 
crease runs diagonally backward and downward across the lateral 


surface of the earlobe from the external meatus (Figure 14.42). 
Depending on the extent and depth of the crease, three grades have 
been assigned, with grade 1 being the least obvious appearing 
crease, grade 2 including a superficial crease across 100% of the 
earlobe or a deep crease across 50% of the earlobe, and grade 3 
represented by a deep crease along 100% of the earlobe. Bilateral 
grades 2 and 3 creases are associated with a significantly higher risk 
of death from atherosclerosis and myocardial infarction (35). 


Middle Ear 


Otitis Media 


Otitis media is either an acute or chronic infectious disease of the 
middle ear space. Otitis media is predominantly, but not exclusively, 
a childhood disease. The most common 
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microorganisms implicated in causing disease of the middle ear are 
Streptococcus pneumoniae and Haemophilus influenzae (36). 
Otoscopic examination reveals a hyperemic, opaque, bulging 
tympanic membrane with limited mobility; purulent otorrhea may be 
present. Bilateral involvement is not uncommon. The middle ear 
infection is felt to result from infection via the auditory tube at the 
time of or following a pharyngitis (bacterial or viral). 


Figure 14.41 A. and B. Individual with cryptotia, a rare 
anomaly in which the superior portion of the auricle is buried in 
the scalp. 


Figure 14.42 Individual with a grade 3 earlobe crease 
represented by a deep crease along 100% of the earlobe. This 
person had a similar earlobe crease of the opposite ear. Bilateral 
grades 2 and 3 creases are associated with a significantly higher 
risk of death from atherosclerosis and myocardial infarction. 


In general, otitis media is managed medically. However, at times 
tissue is removed for histopathologic examination. The pathologic 
alterations are generally straightforward, but secondary changes 
such as glandular metaplasia of the surface epithelium (the result of 
chronic infection) may occur that might be confused with a true 
gland-forming neoplasm. 


The histologic changes in chronic otitis media include a variable 
amount of chronic inflammatory cells, consisting of lymphocytes, 
histiocytes, plasma cells, and eosinophils. Multinucleated giant cells 
and foamy histiocytes may be present. The middle ear low cuboidal 
epithelium may or may not be seen. However, glandular metaplasia, 
a response of the middle ear epithelium to the infectious process, 
may be present (Figure 14.43). The glands tend to be more common 
in nonsuppurative otitis media than in suppurative otitis media. The 
metaplastic glands are unevenly distributed in the tissue specimens, 
are variably shaped, and are separated by abundant stromal tissue. 
The glands are lined by a columnar to cuboidal epithelium, with or 
without cilia or goblet cell metaplasia. Glandular secretions may or 
may not be present so that the glands may appear empty or contain 
varying 

P.394 
secretions, including thin (serous) or thick (mucoid) fluid content. 
The identification of cilia is confirmatory of middle ear glandular 
metaplasia and is a feature is not found in association with middle 
ear adenomas (36). Further, the haphazard arrangement of the 
glands in the background of changes of chronic otitis media should 


allow for differentiating metaplastic from neoplastic glands. Acute 
inflammatory cells may be superimposed by chronic otitis media. 


Figure 14.43 Under normal conditions, glands are not identified 
in the middle ear space; however, glandular metaplasia can be 
found in the setting of otitis media. A. Otitis media, showing 
chronic inflammation, fibrosis, glandular metaplasia, and foci of 
calcifications (lower right); residual normal cuboidal epithelium 
of the middle ear is seen in the upper left. B. Higher 
magnification showing glandular metaplasia is the setting of 
chronic otitis media. 


In addition to the inflammatory cell infiltrate and glandular 
metaplasia, other histopathologic findings can be seen in association 
with chronic otitis media (or represent sequelae of chronic otitis 
media) and include fibrosis, granulation tissue, tympanosclerosis, 
cholesterol granulomas, and reactive bone formation. Due to the 
presence of scar tissue, the middle ear ossicles may be destroyed 
(partial or total) or may become immobilized. Perforation of the 
tympanic membrane pars tensa may occur with resulting ingrowth of 
Squamous epithelium, potentially leading to the development of 
cholesteatoma (see below). 


Tympanosclerosis represents dystrophic mineralization (calcification 
or ossification) of the tympanic membrane or middle ear that is 
associated with recurrent episodes of otitis media (37). The incidence 
of tympanosclerosis in otitis media varies from 3 to 33% (37). 
Tympanosclerosis of the tympanic membrane can be seen in children 
following myringotomy and tube insertion. In this setting, the 
tympanosclerotic foci may or may not be permanent. 
Tympanosclerosis of the middle ear typically affects older patients, 
represents irreversible accumulation of mineralized material, and is 
associated with conductive hearing loss (38,39). 


On gross examination, tympanosclerotic foci may be localized or 
diffuse and appear as white nodules or plaques (Figure 14.44). 
Histologically, dense a€oeclumpsa€* of mineralized, calcified, or 
ossified material or debris can be seen within the stromal tissues or 
in the middle (connective tissue) aspect of the tympanic membrane 
(Figure 14.45). Tympanosclerosis may cause scarring and ossicular 
fixation. 


Cholesterol granuloma is a histologic designation describing the 
presence of a foreign body granulomatous response to cholesterol 
crystals derived from the rupture of red blood cells with breakdown 
of the lipid layer of the erythrocyte cell membrane. Cholesterol 
granulomas arise in the middle ear and mastoid in any condition in 
which there is hemorrhage combined with interference in drainage 
and ventilation of the middle ear space (40). Cholesterol granuloma 
of the middle ear may present as idiopathic hemotympanum; patients 
may also complain of hearing loss and tinnitus. The majority of 
cholesterol granulomas in the middle ear and temporal bone have an 
indolent biologic behavior and cause no significant bone resorption 
(40). 


Figure 14.44 Tympanic membrane in tympanosclerosis showing 
calcified plaque on the tympanic membrane. 


Figure 14.45 Tympanosclerosis. The tympanic membrane is 
thickened and calcified and is covered on its external (external 
auditory canal) aspect by keratinizing squamous epithelium (top) 
and on its internal (tympanic cavity) aspect by cuboidal 
epithelium (bottom right). 


In contrast to cholesterol granulomas of the middle ear and temporal 
bone, cholesterol granulomas of the petrous apex may behave 
aggressively, producing a tumorlike mass with expansion of the cyst 
and erosion/destruction of adjacent structures. Depending on the 
direction of expansion, apical cholesterol granulomas may invade into 
the cochlea, cerebellopontine angle, jugular foramen, cranial nerves 
V to XI, brain stem, and cerebellum, producing life-threatening 
symptoms (41). Involvement of the petrous apex is more likely to be 
associated with sensorineural hearing loss; additional signs and 
symptoms may include headaches, cranial nerve deficits, and bone 
erosion with involvement of the posterior or middle cranial fossa 
(41,42). On axial computed tomography, apical cholesterol 
granulomas appear as round to ovoid to irregular-shaped cysts with 
smooth margins and evidence of bone remodeling. 


The histology of cholesterol granulomas is the same irrespective of 
location and includes the presence of irregular-shaped clear- 
appearing spaces surrounded by histiocytes and/or multinucleated 
giant cells (foreign body granuloma) (Figure 14.46). Cholesterol 
granulomas are not related to cholesteatomas but may occur in 
association with or independent of a cholesteatoma. 


Cholesteatoma (Keratoma) 


Cholesteatoma is a pseudoneoplastic lesion of the middle ear 
characterized by the presence of stratified squamous epithelium that 
forms a saclike accumulation of keratin within the middle ear space 
(akin to an epidermal inclusion cyst). Despite their invasive growth, 
cholesteatomas are not considered to be true neoplasms. The term 
cholesteatoma is a misnomer in that it is not a neoplasm nor does it 
contain cholesterol. Perhaps the designation of keratoma would be 
more accurate, but the term cholesteatoma is entrenched in the 
literature. In the middle ear and inner ear, cholesteatomas take 
three forms: acquired cholesteatoma, congenital cholesteatoma, and 


cholesteatoma of the petrous apex. Depending on the site of origin in 
the tympanic membrane, each of these cholesteatomas may be 
subdivided into pars flaccida (Schrapnell's membrane) and pars tensa 
cholesteatomas. 


Figure 14.46 Cholesterol granuloma appears as empty, 
irregularly shaped clefts or spaces surrounded by histiocytes and 
multinucleated giant cells. Fresh hemorrhage and hemosiderin 
pigment are readily apparent. 


Acquired Cholesteatoma 


Acquired cholesteatoma is the most common type of cholesteatoma. 
It tends to be more common in men than in women and occur in 
older children and young adults. Acquired cholesteatoma is derived 
from entry of external ear canal epidermis into the middle ear. The 
latter may occur in one of several ways: via perforation of the 
tympanic membrane, following localized retraction of the tympanic 
membrane with epithelial invagination or ingrowth of a band of 


Stratified Squamous epithelium into the middle ear; via entrapment 
of squamous epithelium following surgery and/or trauma; or via 
Squamous metaplasia of the middle ear mucosa (43). A decrease in 
middle ear pressure can induce retraction of certain regions of the 
tympanic membrane in the pars flaccida, pars tensa, or both (43). 
Retraction pockets are felt to represent the precursors for the 
development of cholesteatoma (Figure 14.47) (44,45). Dysfunction of 
the auditory tube leading to chronic (recurrent) otitis media is felt to 
represent a causative factor (43). 


The upper posterior part of the middle ear space is the most common 
site of acquired cholesteatoma. Initially, 
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cholesteatomas may remain clinically silent until extensive invasion 
of the middle ear space and mastoid occurs. Symptoms include 
hearing loss, malodorous discharge, and pain and may be associated 
with a polyp arising in the attic of the middle ear or perforation of 
the tympanic membrane. Otoscopic examination may reveal the 
presence of white debris within the middle ear, which is considered 
diagnostic. 


Figure 14.47 Section of malleus from an adult ear with a 
retraction pocket of the tympanic membrane at autopsy. There is 
a thin layer of stratified squamous epithelium between the bone 
and middle ear epithelium. This was found on serial section to be 
an ingrowth of the stratified squamous epithelium from the outer 
epithelial covering of the retraction pocket. 


Congenital Cholesteatoma 


Congenital cholesteatoma is a cholesteatoma of the middle ear that 
exists in the presence of an intact tympanic membrane, presumably 
occurring in the absence of chronic otitis media that may result in 
perforation or retraction of the tympanic membrane. Congenital 
cholesteatomas are found in infants and young children. Small 
colonies of epidermoid cells, referred to as epidermoid formations, 
are found on the lateral anterior superior surface of the middle ear in 
temporal bones after 15 weeks gestation (43). During the first 
postpartum year, the epidermoid colonies disappear; however, if the 
epidermoid cells do not disappear but continue to grow, they will 
become a congenital cholesteatoma. The latter have also been 
referred to as epidermoid cysts (46). In the majority of cases, 
congenital cholesteatomas are found in the anterosuperior part of the 
middle ear. Early lesions show no symptoms and are discovered by 
otoscopic examination. In later lesions, the signs and symptoms may 
be the same as acquired cholesteatoma. 


Figure 14.48 Cholesteatoma of the middle ear. A. The histologic 
diagnosis of cholesteatoma is based on the presence of finding 
keratinizing Squamous epithelium within the middle ear space. B. 
Osseous involvement. 


Cholesteatoma of the Petrous Apex 


Cholesteatoma of the petrous apex is an epidermoid cyst of this 
location and bears no relation to cholesteatoma of the middle ear. It 
is likely of congenital origin, but no cell rests have been discovered 
that may explain the origin of these lesions. Symptoms usually relate 
to involvement of the cranial nerves VII and VIII in the 
cerebellopontine angle (46). 


Pathology 


Cholesteatomas appear as cystic, white to pearly appearing masses 
of varying size that contain creamy or waxy granular material. The 
histologic diagnosis of cholesteatoma is made in the presence of a 
Stratified keratinizing squamous epithelium, subepithelial 
fibroconnective or granulation tissue, and keratin debris (Figure 
14.48). The essential diagnostic feature is the keratinizing squamous 


epithelium, and the presence of keratin debris alone is not diagnostic 
of a cholesteatoma. The keratinizing squamous epithelium is 
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cytologically bland and shows cellular maturation without evidence of 
dysplasia. In spite of its benign histology, cholesteatomas are 
a€ceinvasivea€* and have widespread destructive capabilities. 


The destructive properties of cholesteatomas result from a 
combination of interrelated reasons, including mass effect with 
pressure erosion of surrounding structures from the cholesteatoma, 
the production of collagenase (which has osteodestructive 
Capabilities by its resorption of bony structures), and bone resorption 
(20). Collagenase is produced by both the squamous epithelial and 
the fibrous tissue components of the cholesteatoma. This local 
aggressive behavior is the result of the continuing accumulation of 
the cholesteatomatous material with progressive erosion of 
surrounding structures. Depending on the location and extent of the 
cholesteatoma, erosion may include the lateral wall of the attic, the 
middle ear ossicles, the tegmental bone over the attic and antrum, 
and the mastoid cortex (43). Less frequent progression includes 
erosion of the lateral sinus and jugular bulb, the vestibular and 
cochlear capsules, the facial canal, the dura of the middle and 
posterior cranial fossa, the semicircular canals, and the facial nerve 
(43). Sequelae of such erosions may include semicircular canal 
fistulas, exposed tympanic facial nerve, or brain herniation through 
the tegmen. 


The histologic diagnosis of cholesteatomas is relatively 
Straightforward in the presence of keratinizing Squamous epithelium. 
In contrast to cholesteatomas, squamous cell carcinoma shows 
dysplastic or overtly malignant cytologic features with a prominent 
desmoplastic stromal response to its infiltrative growth. 
Cholesteatomas do not transform into squamous cell carcinomas. In 
an attempt to determine whether cholesteatomas were low-grade 
Squamous carcinomas, Desloge et al. (47) performed DNA analysis on 
human cholesteatomas to determine whether ploidy abnormalities 


were present. In ten cases with interpretable data, nine were euploid 
and one was aneuploid. These authors concluded that, due to a lack 
of overt genetic instability, cholesteatomas could not be considered 
to be malignant neoplasms. Cholesterol granuloma is not 
synonymous with cholesteatoma. These entities are distinctly 
different pathologic entities and should not be confused with one 
another. 


Otosclerosis 


Otosclerosis is a disorder of the bony labyrinth and stapedial 
footplate that exclusively occurs in humans and is of unknown 
etiology. Otosclerosis means hardening of the ear and is derived 
from Greek (ous, ear; skleros, hard; osis, condition); osseous 
ankylosis (from the Greek ankoulon, to stiffen); chronic metaplastic 
ostitis; progressive otospongiosis. Otosclerosis primarily causes 
conductive hearing loss that usually begins in the second and third 
decades of life and is slowly progressive. The extent of the hearing 
loss directly correlates with the degree of stapedial footplate fixation. 
It is not uncommon for patients with otosclerosis also to have 
vestibular disturbances (48,49). Otosclerosis usually involves both 
ears; however, unilateral disease can occur in up to 15% of cases 
(50). 


Although many theories regarding the etiology of otosclerosis appear 
in the literature, there is no consensus. Hereditary factors are often 
cited as among the causes. Surgical management of the conductive 
hearing loss caused by stapes fixation (stapedectomy) is the 
treatment of choice, with replacement of the fixed stapes by a 
prosthesis. The resected bone may include the entire stapes (with 
the footplate) or only the superstructure that includes the head and 
crura (without the footplate). 


Histologically, the initial alterations include resorption of bone 
around blood vessels. The cellular fibrovascular tissue replaces the 
resorbed bone, resulting in softening of the bone (otospongiosis). 


Immature bone is laid down with continuous active resorption and 
remodeling. The new bone is rich in ground substance and deficient 
in collagen; but, over time, more mature bone with increased 
collagen and less ground substance is produced, resulting in densely 
sclerotic bone. This process most often begins from the adjacent 
temporal bone (anterior to the oval window) and eventually involves 
the footplate of the stapes moving across the annulus fibrosus or 
Stapediovestibular joint (Figure 14.49). Stapedial involvement causes 
fixation of the stapes, with inability to transmit sound waves 
resulting in conductive hearing loss. While the otosclerotic changes 
can be seen in the resected stapedial footplate, even when the 
footplate is removed intact it may be free of otosclerotic changes as 
fixation results via pressure on the nonotosclerotic footplate from 
swelling of the otosclerotic process in the adjacent temporal bone 
(7). 


Figure 14.49 Otosclerosis of the temporal bone (anterior to the 
oval window) involving the footplate of the stapes moving across 
the annulus fibrosus or stapediovestibular joint. Stapedial 
involvement causes fixation of the stapes, with inability to 


transmit sound waves resulting in conductive hearing loss. 
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Figure 14.50 Causes of conductive hearing loss. 


Inner’ Ear 


Presbycusis and Other Hearing Loss 


Hearing loss may include conductive hearing loss and sensorineural 
hearing loss. There are many causes for conductive and 
sensorineural hearing loss, respectively (Figures 14.50,14.51). 
Hearing loss that occurs with increasing age is referred to as 
presbycusis. There is still controversy as to the underlying 
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electrophysiologic and histopathologic alterations associated with the 


development of presbycusis. Degenerative alterations within various 
microanatomic structures of the cochlea, including the hair cells, 
spiral ganglion cells, stria vascularis, and basilar membrane, have 
been invoked as the cause of presbycusis (51). Alternatively, damage 
to the outer hair cells alone has been invoked as the cause of 
presbycusis (52,53). As Soucek and colleagues have shown in their 
studies of aged ears (52,53), the histopathologic changes include 
scanty to absent outer hair cells of the third row (Figure 14.52), with 
complete loss of both inner and outer hair cells of all rows at the 
extreme lower end of the basal coil. In contrast to these 
aforementioned sites, Soucek and colleagues found that the inner 
hair cells sustained minimal loss, the first row of outer hair cells had 
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greater loss, and the second row more loss but not to the extent 
seen in the third row of outer hair cells or at the extreme lower end 
of the basal coil (54,55). In addition, these authors also found the 
presence of enormously lengthened and thickened sterocilia and 
giant stereocilia, which they felt contributing to the development of 
presbycusis. 


PRIMARY DAMAGE TO 
HAIR CELLS IN 
ORGAN OF CORTI 


Figure 14.51 Cause of sensorineural hearing loss. 


Figure 14.52 Surface preparation of outer hair cells from basal 
coil of cochlea of an elderly man. There are many gaps among 

the hair cells of the first two rows. (P, pillar cells) (Osmic acid, 
Alcian blue, and phloxine eosin, oil immersion.) 


Figure 14.53 Viral labyrinthitis- (end stage) related hearing loss 
with total degeneration of the organ of Corti. 


Degenerative alterations within various microanatomic structures of 
the membranous labyrinth resulting in sensorineural hearing loss 
may occur secondary to infectious disease (Figure 14.53), metabolic 
abnormalities (Figure 14.54), trauma (Figure 14.55), sensory 
presbycusis (Figure 14.56), and use of certain medications, including 
cisplatin, diuretic agents, and other drugs (Figures 14.57,14.58). 


MA ©niA’ re's Disease 


MA@niA‘re's disease is an idiopathic disorder of the inner ear 
associated with a symptom complex of spontaneous, 
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episodic attacks of vertigo, sensorineural hearing loss, tinnitus, and a 
sensation of aural fullness. The onset of vertigo is frequently sudden, 
reaching maximum intensity within a few minutes, lasting from an 
hour or more, and either subsiding completely or continuing as a 
sensation of unsteadiness for hours to days. 


Figure 14.54 Metabolic-related hearing loss in a patient with 
diabetes is characterized by the presence of hyalinized 
vasculature structures in the stria vascularis. 


Figure 14.55 Posttraumatic hearing loss with focal avulsion of 
the organ of Corti. 


Figure 14.56 Sensory presbycusis characterized by the loss of 
hair cells in the organ of Corti. 


Figure 14.57 Strial presbycusis with atrophy; this is secondary 
to ototoxic effect caused by cisplatin therapy. 


Figure 14.58 Kanamycin ototoxic effects on the organ of Corti, 
including loss of hair cells. 


Figure 14.59 MA©@niA‘re's disease showing dilatation (A) and 
rupture of the membranous labyrinth (B). 


The pathogenesis of MA@niA”re's disease is distortion of the 
membranous labyrinth, defined as changes in the microanatomy of 
the membranous labyrinth as a consequence of the over- 
accumulation of endolymph (endolymphatic hydrops) and at the 
expense of the perilymphatic space (54,55). Endolymph, which is 
produced by the stria vascularis in the cochlea and by cells in the 
vestibular labyrinth, circulates in a radial and longitudinal fashion. In 
patients with MA@niA”re's disease, it is believed that there is 
inadequate absorption of endolymph by the endolymphatic sac (55). 


In the early stages of the disease, endolymphatic hydrops primarily 


involves the cochlear duct and saccule, but in the later stages the 
entire endolymphatic system is involved. Alterations of the 
membranous labyrinth include dilatation, outpouching, rupture, and 
collapse (Figure 14.59). Fistulae (unhealed ruptures) may occur. 
Severe cytoarchitectural and atrophic changes may occur in the 
sense organs with loss of neurons in the cochlea. 


Temporal Bone Dissection 


For a detailed discussion of proper postmortem removal, sectioning, 
and processing for microscopic evaluation of the temporal bone, the 
reader is referred to other texts (7,56). 
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Mouth, Nose, and Paranasal Sinuses 


Karoly Balogh 


Liron Pantanowitz 


Embryology and Prenatal Changes 


The development of this highly specialized part of the head is restricted |! 
to the surgical pathologist. For details, the reader is referred to other soL 


The oral region develops from an ectodermal depression, the stomodeum. 
formed by the forward growth of structures about the margins of the stor 
superficial parts of the face and jaws, as well as the walls of the oral cav 
prominence is surrounded bilaterally by the maxillary and mandibular prox 
unpaired frontal prominence. The upper lip, maxilla, and nose are derivec 
surrounding the stomodeum. The caudal boundary of the oral cavity is for 
mandibular processes, which, during the second year of life, fuse in the n 
mandible. The paired maxillary processes likewise meet in the midline, cr 
to ultimately form the maxilla and, by fusion in the midline, the palate. TI 
change with the rapid growth of the nose and jaws (2 ). The nose is form 
frontonasal elevation by an invagination of ectoderm into the mesoderm tc 
gradually converge toward the midline, where they merge with each othe 
mesenchyme develops into bone, cartilage, and skeletal muscle. 


At the end of the second month of fetal life, the formation of the bony st 
maxilla is one of the first bones to calcify. Simultaneously, the nasal pits 


deeper and extend downward toward the oral cavity. Later, elevations apr 
the right and left nasal cavity that will become the scroll-like nasal turbir 
cavities communicate with chambers in the adjacent bones known as pari 
the bones in which they lie, they comprise the frontal, maxillary, spheno 
The paranasal sinuses can be first identified around the fourth month of f 
expansion occurs after birth, and they attain full size many years later. T 
cavities invaginates into the surrounding bone, thereby lining the expandi 
has been taking shape from the roof of the mouth, the tongue has been f 
posterior part of the tongue (behind the sulcus terminalis) 
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is derived from the midventral areas of branchial arches II, Ill, and IV. 


The tonsils first develop as endodermal epithelial buds that arise from the 
oronasal cavity and grow into the subjacent mesenchyme to eventually gi 
crypts. Crypt formation may be simple, as in the lingual tonsil, or more c 
tonsils. Lymphoid tissue begins to accumulate and organize around the cr 
when secondary budding of the crypts takes place. This development occi 
with mucous glands, which explains the close anatomic proximity of such 


Tooth development (odontogenesis) is of considerable importance to an L 
pathogenesis of odontogenic tumors and cysts. Odontogenesis is a highly 
process that relies upon several genes, growth factors, structural protein 
tuftelin, predentin, cementum, enamelin), and extracellular matrix molecu 
temporal- and space-specific patterns (3 ). The teeth begin to develop in: 
and lower jaw (Figure 15.1 ). Such regulatory interactions occur during th 
morphogenesis, particularly when the dental epithelium induces the cond 
cells around the epithelial bud. Teeth pass through three stages of devel 
mineralization, and eruption. The growth period is further subdivided into 
stages. 


Initially, the oral epithelium shows definite thickening and begins to grow 
mesenchyme around the entire arc of each jaw. The free margin of this e 
two invaginating processes. The outer process (vestibular lamina) will fort 
demarcates the cheeks and lips. From the inner horseshoe-shaped proces 
buds (bud stage) arise at the site of each future tooth. Thus, the primorc 
deciduous (primary) teeth are formed. Shortly afterward, the primordia o 


(permanent) teeth develop in the same way. The permanent tooth germs | 
alveolar sockets on the lingual side of the deciduous teeth. The developin 
tooth takes the shape of a goblet with the dental lamina as its stem. As i 
disintegrates, the inner lining cells (inner enamel epithelium) of the enan 
become columnar epithelial cells called ameloblasts, whereas the outer la 
epithelium) flatten into a layer of closely packed cells. Between the amelc 
enamel epithelium is the loosely arranged epithelium of the stellate retict 
shaped enamel organ, the mesenchymal cells proliferate to form a dense 
papilla (cap stage). 


Figure 15.1 Coronal section of head of a human fetus about 30 weeks of 
length). The bell-shaped enamel organs are present in each quadrant. Th 
large. The paranasal sinuses are not yet discernible at this stage of fetal 


The dental papilla will form the dentin, cementum, and pulp. The dentin is 
tooth, the cementum is the bony tissue covering the root of the tooth, anı 
part of the tooth. More peripherally, the condensing mesenchymal cells e: 
organ as the dental follicle. The cells of the dental follicle eventually proc 
collagen fibers of the periodontium. In the final 
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(bell) stage of growth, the epithelium of the cap will form the enamel. Dt 
and inner enamel epithelium meet at their apical ends, where they prolife 


epithelial root sheath, which initiates the differentiation of the outermost | 
become arranged in a row of single columnar cells to form the odontoblas 
Nerves and blood vessels in the dental papilla begin to form the primitive 
papilla grows toward the gum, crowding in on the enamel organ, which by 
connection with the oral epithelium. During dentinogenesis nonmineralized 
the odontoblasts against the inner surface of the enamel organ. As the c 
predentin, their cell bodies recede toward the center of the tooth, so tha 
behind a thin process (Tomes' fiber) that occupies a dentinal tubule. The 
predentin eventually mineralizes to become dentin, which is arranged in t 
running from the pulp chamber toward the periphery. Meanwhile the enam 
being formed (amelogenesis) by the ameloblasts (4 ). The formation of d 
the tip of the crown and progresses toward the root of the tooth (5 ). As 
increases in length, the previously formed crown moves closer to the surfi 
when the crown of the tooth begins to erupt, the root is still incomplete 
the crown has completely emerged (6 ,7 ) (Figures 15.4 ,15.5 ). The 
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enamel is made by differentiated ameloblasts that produce long, thin enai 
rods become calcified and are surrounded by a thin organic matrix. Enam 
when the crown is mineralized and its final size attained (8 ). At this poir 
ameloblasts and remainder of the cells of the enamel organ form a cuticle 
enamel; this membrane is then shed (9 ). 


Figure 15.2 Enamel organ of deciduous tooth. Formation of enamel and «< 
crown area of the tooth. [Arrow , remnants of dental lamina; arrowhead , 
(rest of Serres) ] 
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Figure 15.3 Enamel organ. Amelogenesis and dentinogenesis progress frc 
enamel and dentin appear as black bands, widest at the crown area and 
root. [Ex , external enamel epithelium; In , inner enamel epithelium; SR 
Hertwig's epithelial root sheath; P , dental papilla; *, artifact (separation 


Figure 15.4 Developing tooth, sagittal section. Ameloblasts (A ) line the 
matrix (E ) which is partly mineralized. Dentin (D ) is not mineralized (pr 
separated by an artifact (*) from pulp (missing). 


m 


Figure 15.5 Developing tooth. Layer of polarized odontoblasts with Tome 
extending into tubules of predentin. Fibroblasts of pulp (P ) are loosely a 
matrix) 


After the root has attained its full length and definitive position in the jav 
substance, cement, is deposited on it (cementogenesis). Cement is produ 
cells adjacent to the root. These cells become differentiated into a cemer 
resembles the osteogenic (cambial) layer of the periosteum (10 ,11 ). Fik 
dental sac form the periodontal ligament, which firmly attaches the tooth 
socket (12 ). 


As the jaws approach their adult size, the latent primordia of the perman 
developmental process as did the deciduous teeth (13 ) (Figure 15.6 ). V 
permanent tooth increases in size, the root of the corresponding deciduot 
by osteoclastic activity (Figure 15.7 ). Thus, the anchorage of the decidu 
weakened and the tooth is shed, permitting the underlying permanent toc 


The minor salivary glands in the mouth develop following a pattern of e€ 
interactions between the outgrowth of an ectodermal bud from the lining 
underlying mesenchyme. The proliferation, differentiation, and morphogen: 
depend on intrinsic (programmed pattern of cell-specific gene expression) 
extrinsic factors include cell-cell and cell-matrix interactions, as well as g 


Figure 15.6 Deciduous and unerupted permanent teeth in a 10-year-old 
section through the roots of two deciduous teeth with underlying permane 
space was left by enamel that was dissolved by decalcification. Note rela 
bone, respectively. 


Paap gs. eke cae 


Figure 15.7 Roots of deciduous molar tooth before shedding. Resorption 


numerous Howship's lacunae and osteoclasts (arrows ). The thin band (bc 
internal enamel epithelium that covered the crown of the underlying pern 
dissolved with decalcification. 
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Gross Anatomy 


In this chapter we will consider only those features that are important fo 


Jawbone 


The mandible is a horseshoe-shaped bone; its horizontal part forms the kt 
with the vertical parts of the two sides, the rami. The bone of the body hi 
compact shell contains plates of cancellous bone arranged along the traje 
the body is hollowed into sockets that carry eight teeth on each side. Eacl 
vertical, flattened, oblong plate of bone surmounted by two processes. T 
process ends in the condyle, articulating with the articular disk of the te 
anterior (coronoid) process serves for the insertion of the temporal musc 


The right and left maxillae jointly form the upper jaw; they participate in 
cavities: the roof of the mouth, the floor and lateral wall of the nose, the 
sinus, and the floor of the orbit. The alveolar processes of the maxillae t 
arch. 


Nose 


The external nose and nasal septum are partly composed of hyaline cartile 
orifices of the external nose, the nares (nostrils), are separated from eact 
vertical soft tissue columella. The columella is attached posteriorly to the 
forms the medial wall of the two approximately symmetrical chambers, thi 
cavities. The nasal cavity extends from the nares anteriorly to the choan 
the nares, the nasal cavity widens to form the vestibule. A ridge (limen n 
wall separates the vestibule from the rest of the nasal cavity proper. In e 
olfactory region that occupies the superior part of the nasal cavity. The re 
consists of the respiratory region. On the lateral wall of each nasal fossa 


and inferior turbinates. A fourth supreme turbinate may be present at the 
lateral nasal wall. The scroll-shaped turbinates hang over the correspond 
passages, or meatuses, into which the various paranasal sinuses open. Th 
continuity with the mucosa of these sinuses through their corresponding 
mucous membrane is most vascular and thickest over the turbinates and 
the nasal septum. 


Paranasal Sinuses 


The air-filled paranasal cavities (sinuses) are located in the bones around 
maxillary and frontal sinuses open into the middle meatus of the nose. T 
into the sphenoethmoidal recess above the superior turbinate. There are 
sinuses that form small communicating cavities, also called ethmoid air c 
The ethmoid air cells have thin bony walls. According to their location, th 
divided into three groups: the anterior and middle ethmoidal sinuses, whi 
meatus, and the posterior ethmoidal sinus, which opens into the superior 
are many variations in size, shape, and location of all paranasal sinuses. ( 
even be underdeveloped or absent. 


Blood Vessels 


The nasal cavity has an extraordinarily rich blood supply. The anterior ar 
branches of the ophthalmic artery supply the frontal and ethmoidal sinuses 
the nasal cavity. The sphenopalatine branch of the maxillary artery supplie 
turbinates, meatuses, and the nasal septum. The mucosa of the maxillary 
branches of the maxillary artery and the sphenoidal sinus by the pharyng 
all these vessels form a plexiform network in and below the mucous mem 
nasal mucosa are well developed, particularly in the inferior turbinate and 
the nasal fossa, where they form a cavernous plexus. The veins of the lov 
inferior central vein into the pterygoid plexus. Blood from the upper jaw 
in two directions: the more anterior parts into the anterior facial vein anc 
into the pterygoid plexus. The pterygoid plexus drains the teeth, soft pal. 
These anatomic relationships are particularly important because infections 
mouth, nose, and paranasal sinuses can reach the intracranial cavernous 
emissary vein of Vesalius or by way of veins communicating with the infe 


veins. The latter veins drain the structures of the anterior face, such as | 
nose, as well as the mucosa of the frontal sinuses, ethmoidal cells, and ų 
cavernous sinus also receives venous blood from the mucosa of the sphe 


Nerves 


The regions discussed here have a rich and complex innervation, the desc 
the scope of this 
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chapter. However, many nerves of the head lie in close proximity to the | 
the upper aerodigestive tract and are therefore prone to early invasion b 


Lymph Nodes 


Lymph nodes of the head and neck are abundant and can be divided into 
mastoid, parotid, facial, sublingual, submaxillary, Submental, retropharyn 
and lateral cervical nodes. Only those lymph nodes related to the regions 
are discussed here. There are three principal parotid lymph node groups: 
preauricular) nodes; subfascial (extraglandular) nodes contained in the pē 
intraglandular nodes. The parotid lymph nodes drain the parotid gland, «€ 
facial region, eyelids, upper lip, root of the nose, floor of the nasal cavity 
mucosa. Their efferents pass into the superior deep cervical nodes. 


The small superficial group of facial nodes include, from rostral to caudal 
(nasolabial) nodes situated in the nasolabial fold, the buccal nodes placed 
muscle and its fascia, and the mandibular nodes located external to the | 
receive afferent lymphatics from the eyelids, nose, cheek, upper lip, and 
empty into the submaxillary nodes. There are also deep facial nodes situatl 
the mandible near the maxillary artery. Heterotopic buccal nodes may ral 
immediately beneath the buccal mucosa near the orifice of Stensen's duct 
impression of a neoplasm (15 ,16 ). The sublingual (or lingual) nodes are 
course of the collecting lymph trunks of the tongue. The submaxillary (s 
situated in the space lodging the submaxillary salivary gland, are located 
fascial sheath of this gland. They receive lymph vessels from the chin, lit 
the anterior nasal cavity), gums, teeth, floor of the mouth, hard palate, t 


nodes. The submental nodes receive lymphatics from similar regions. The 
partly with the submaxillary and internal jugular nodes. The retropharyng 
between the posterior wall of the pharynx and prevertebral fascia, may f 
soft palate and therefore may be mistaken for palatine tonsils. The more 
nodes atrophy with age. These nodes drain the nasal cavities, palate, mi 
orophrynx. They send efferent vessels to the internal jugular chain of nor 


Lymphatics 

For a detailed description of the lympahtic system draining the head and 
referred to the compendium by Tobias, which is a translation of the origin 
). Lymphatics arising from the upper lip terminate in the parotid, submer 
lymph nodes. Central lymphatics from the lower lip drain into the submer 
Originating more laterally empty into the submaxillary nodes. Lymphatics 
of the cheeks traverse the buccinator muscle to eventually terminate in 1 
Their course may be interupted by the buccinator nodes. Cutaneous lymph 
the submaxillary, submental, and parotid nodes. The lymphatic network of 
into a superficial and deep (muscular) set. They drain to the linguinal anc 
end mainly in the deep cervical lymph nodes. The node at the bifurcation 
artery is considered to be the principal lymph node of the tongue (17 ). | 
the tongue may cross the midline to reach nodes of the opposite side. Th 
Superficial and deep anastomosing lymphatic network that drains into the 
submaxillary, internal jugular, and occasionally the retropharyngeal nodes 
exit from the dental pulp of the teeth are in direct communication with th 
Lymphatics from the floor of the mouth are continuous with those from tk 
Afferent lymphatics from the floor of the mouth drain into the sublingual, 
cervical nodes, while those from the posterolateral region terminate in th 
cervical nodes. The draining lymphatics of the palate, which are continuou 
and palatine tonsils, reach the submaxillary, retropharyngeal, and deep nc 


The cutaneous lymphatics of the nose terminate in the submaxillary lympt 
nasal vestibule goes to the parotid and submaxillary nodes. Lymphatics c 
anterior nasal cavities drain to the submental nodes, while those from the 
the retropharyngeal and deep superior cervical nodes. The lymphatics fror 
not communicate with those of the respiratory region (17 ). Lymphatics < 


region communicate to the subarachnoid space of the brain via small car 
the foramina of the cribiform plate along with the olfactory nerve filament 
inferior turbinate drains to the internal jugular lymph nodes. The upper p 
turbinate, along with lymphatics from the middle turbinate, drain into the 
internal jugular lymph nodes. The superior turbinates drain to the retropt 
cervical nodes. Lymphatics from the frontal and maxillary sinuses, along \ 
medial group of ethmoidal sinuses, drain to the submaxillary nodes. The 
and sphenoidal sinuses drain lymph into the retropharyngeal nodes. 
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Tonsils 


Nonencapsulated lymphoid tissue present in the oropharynx is normally «í 
covered lymphoid aggregates termed tonsils . TonsilS are typically softer 
palpation because they lack a fibrous capsule or trabeculae. The word ton 
refer to the palatine tonsils. Waldeyer's ring, described by the nineteentr 
Wilhelm von Waldeyer, refers to the circular collection of submucosal lym 
the opening into the upper aerodigestive tract (18 ). Waldeyer's ring is c 
pharyngeal, tubal, and lingual tonsils, as well as the lateral pharyngeal ly 
intervening isolated lymphoid follicles (pharyngeal granulations) (19 ,20 

are located on the posterolateral wall of the oropharynx, just behind the 
The oval shaped palatine (faucial) tonsils are situated laterally in the oro 
triangular tonsillar fossa, which is bound by the palatoglossal arch anter 
arch posteriorly. Their tonsillar crypts usually become occupied with des 
debris, and microorganisms that are grossly visible on the surface as whi 
crypt plugs may calcify. The palatine tonsils are the only tonsils with a pi 
formed by compressed connective tissue on their attached side. This cap: 
from the underlying musculature of the pharyngeal wall. The tonsils are | 
after about four years of age, they begin to gradually atrophy. Following 
become increasingly fibrotic. The pharyngeal tonsil (adenoid, or tonsil of | 
pyramidal-shaped aggregate of lymphoid tissue located superiorly in the r 
nasopharyngeal wall. Unlike the other tonsils, the adenoid does not have 
numerous surface folds extending from the tonsillar base anterolaterally. 

pharyngeal tonsil also forms a median recess known as the pharyngeal bt 
(eustachian tonsil or Gerlach's tonsil) is that small portion of the pharyng 


behind the pharyngeal opening of the eustachian tube. The lingual tonsil i 
of the tongue posteriorly, between the sulcus terminalis and the vallecula 
median glossoepiglottic ligament divides the lingual tonsil into bilateral k 


Additional tonsillar structures may also be found in the normal human or 
the so-called oral tonsils, which are structurally similar to the palatine tor 
occur chiefly in the palate, floor of the mouth, and on the ventral surface 
small (1a€“3 mm in diameter), firm, circumscribed, mobile lymphoid agg 
intact oral mucosa. Oral tonsils contain a single central crypt. It has been 
authors that intraoral lymphoepithelial cysts originate from occluded crypts 
Reactive tonsillar tissue has also been noted in the region of the pyriforrr 
surface of the tongue (24 ,25 ). 


Microscopy 


Mouth 


Lips and Vermilion Border 


The entrance to the digestive tract is surrounded by two fleshy folds of sk 
partly covered by skin that bears hairs, sweat glands, and sebaceous glar 
with sensory nerves. The inner surface of the lips is covered by the oral r 
the wall of the oral cavity. Between the external integument and the oral 
oris muscle, the labial vessels, nerves, and adipose tissue with numerous 
latter are easily accessible for biopsies to diagnose SjAflgren's syndrome. 
skin and oral mucosa is known as the vermilion border, where the kerati 
of the skin changes to the mucous membrane of the oral cavity. The squé 
vermilion border is thin, and the tall connective tissue papillae are close t 
in the rich capillary network shows through the thin epithelium, accountinc 
lips. The transition zone has no hairs. In adults, ectopic sebaceous gland: 
in the vermilion border, at the corners of the mouth, or in the buccal mu 
Fordyce's spots (or Fox-Fordyce granules) and increase with age, so that ` 
persons have them. These ectopic sebaceous glands are considered normi 
Like the skin, the vermilion border 
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is exposed to physical forces and chemical agents. For this reason, actinic 
elastosis can be seen on the vermilion border. The squamous epithelium 
imperceptibly merges with the stratified squamous epithelium of the oral 


Figure 15.8 Ectopic sebaceous glands in the vermilion border (Fox-Ford\ 


Oral Mucosa and Submucosa 


The oral mucosa consists of an epithelial layer and an underlying layer of 
lamina propria (Figure 15.9 ). The mucosa of the oral cavity shows regio 
structure and cytokeratin expression that correspond to functional requir 
Squamous epithelium of the oral mucosa has three functional types: the 
mucosa, and specialized mucosa (28 ). Most of the oral mucosa is lined 
epithelium, representing the lining mucosa. The palate, gingiva, and dorsu 
exposed to the forces of mastication and are covered by keratinized epitt 
mucosa type. The mucosa of the palate is orthokeratinized, whereas the ¢ 
often parakeratinized. Details of the specialized mucosa are described wit 
the oral cavity the epithelium is worn off by mastication and speaking; tł 
cells are a normal constituent of the saliva and are frequently encountere 
sputum or as a€oecontaminantsa€* in bronchoscopic specimens. Squamou 
mucosa have also been a convenient source for the microscopic demonstri 
chromosome (Barr body) (Figure 15.10 ). The shed epithelial cells are rej 
which divide then migrate to the surface and are themselves eventually w 


the oral mucosa takes about 12 days (29 ). As the name implies, the squ 
mucosa is kept moist and glistening by mucus that is secreted by the nur 
major salivary glands. This thin film of mucus covers and protects all ini 
the teeth, which are bathed by saliva. Saliva rinses away bacteria, provic 
phosphate and bicarbonate) that neutralize acids created by bacteria that 
contains antibacterial agents, and minerals required for tooth remineraliz 
promotes tooth decay 


Figure 15.9 Inner aspect of cheek, cross section. Left toright : cross-st 
tissue, lamina propria, buccal mucosa. 


Figure 15.10 Cytologic image of a scraping of the buccal mucosa. Interr 
sex chromatin body (Barr body) (arrow ) lying against the inner nuclear 
stain). 


The interface of the epithelium and lamina propria is delineated by the bi 
membrane. In hematoxylin and eosin (H&E)a€“stained sections, it is some 
basal lamina, but special stains (e.g., reticulin) demonstrate it well (Figur 
lamina is secreted by the epithelial cells and serves supportive and filteril 
regulates differentiation, migration, and polarity of the epithelial cells. The 
composed of type IV collagen and heparan sulfate, as well 
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as the two glycoproteins, laminin and entactin, that interact with other cc 
extracellular matrix. A single layer of basal cells rests on the basal laminé 
continuously divide, and the new cells push the overlying ones toward the 
process of differentiation, the small cuboidal basal cells become polyhedré 
stratum spinosum. These cells contain abundant intracytoplasmic fibrils ( 
to desmosomes, connecting the squamous epithelial cells with each other 
layers the cells gradually become flat. The nonkeratinized squamous epitr 
granulosum and stratum corneum. The surface cells may retain their nucl 
does not contain keratin filaments (Figure 15.12 ) (30 ). In keratinizing <€ 
stratum granulosum, which is a prominent layer three to five cells thick. 1 
numerous intracytoplasmic granules, called keratohyalin granules, which =< 
the process of keratinization advances, the nucleus and cytoplasmic orga 
and disappear while the cell becomes filled with an intracellular protein, | 
layer, the stratum corneum, is formed. 


Figure 15.11 Buccal mucosa. Reticulin stain delineates the cell membrar 
squamous epithelial cells and the delicate basement membrane. Papillae c 
contain blood vessels. 


Figure 15.12 Buccal mucosa showing maturation of squamous epithelium: 
basal cells, larger cells of stratum spinosum, and parallel arranged flat st 
keratinization is seen. Lamina propria shows delicate strands of connectiv 
and a few lymphocytes. (Mallory's trichrome.) 
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Cytokeratin 
Type CK1 CK4 CK5 CK6 CK7 CK8& CK10 CK13 CK 


Table 15.1 Cytokeratin Expression Profiles of Different Oral Epith 
Immunohistochemical and Electrophoretic Stu 


All oral epithelia show expression of cytokeratin 5 and 14 (CK5 and CK1: 
pair typically expressed by basal cells of stratifying epithelium. The oral | 
exhibits striking differences in cytokeratin synthesis (Table 15.1 ) (31 ,32 
usually appear in the fetus by 23 weeks. The differences in the distributic 
proteins reflect the relationship between morphology and function of thes 
gingiva expresses a great complexity of cytokeratins, similar to that of tt 
gingival epithelia are immunoreactive for CK1 and CK10 (differentiation tt 
epithelial properties of toughness and rigidity), as well as CK4 and CK1: 
with epithelial properties of flexibility and elasticity). In contrast, the linin 
of cytokeratins, resembling stratified nonkeratinizing squamous epithelium 
Malignant transformation is often associated with alterations in the cytok 


Normal oral mucosal epithelial cells, even in the fetus, express the ABO k 
In fact, the oral mucosa has become a model for studying cellular glycos' 
blood group antigen expression on epithelial cells follows the general phe! 
individual as determined by routine serologic methods. The loss of these 
epithelial cells may be a valuable marker for primary carcinoma. All epitt 

P.412 
cell layers of the enamel organ, however, are normally devoid of the bloc 


The lamina propria is a delicate layer of connective tissue situated beneat 
epithelium. It contains few elastic and collagenous fibers and is rich in b 
and nerves. The nerves belong to the sensory branches of the trigeminal 
also contains scattered lymphocytes, which are often found migrating thr 
Consequently, few lymphocytes are a normal constituent of the saliva (s 


The submucosa under the lining mucosa is composed of fairly loosely arr 
which contains larger blood vessels, lymphatics, nerves, adipose tissue, é 
Salivary glands. Where the mucosa is in close proximity to the underlying 
palate), there is no submucosa and the fibers of the lamina propria are ¢ 
to bone. In these areas, the mucosa, lamina propria, and periosteum are 
membrane and are generally referred to as a mucoperiosteum. 


Palate and Uvula 


The roof of the oral cavity is formed by the palate; the anterior two-third: 
palate, and the posterior one-third is comprised of the soft palate. The p 
and nasal cavities. Anteriorly and laterally, the palate is bounded by the 
posteriorly, it is continuous with the soft palate. The hard palate is cover 
which has a series of ridges (palatal rugae) running across, but not cross 
ridges are easily seen and palpated and can be felt with the tongue. The 
connective tissue fibers of these ridges pass directly from the papillary la: 
into the underlying bone. In the anterior lateral regions of the hard palat 
fat tissue, whereas more posteriorly its lateral regions contain minor sali 
glands), which are pure mucous glands (Figure 15.13 ). 


The soft palate is the mobile portion. With no bony support, it is suspend 
border of the hard palate like a curtain. Its oral surface is covered by lini 
surface, which is continuous with the floor of the nasal cavity, is mostly 
epithelium. The soft palate contains fibers of striated muscle, blood vesse 
15.14 ). Larger mucous glands underlie the oral epithelium of the soft pi 
groups of mixed glands are present on the nasal surface under the respir 
middle of the posterior border of the soft palate hangs a small, conical pr 
uvula. The uvula is microscopically similar to the 
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soft palate (Figure 15.15 ). It contains predominantly mucous glands and 
more sparse from the proximal to the distal end. The musculus uvulae mi 
mucosa of the uvula. Mast cells, usually located around blood vessels, are 


Figure 15.13 Hard palate with pure mucous minor salivary glands and d 
tissue of lamina propria (H&E). 


Figure 15.14 Soft palate sectioned in the coronal plane. Nasal respirator’ 
squamous mucosa (bottom ). Fascicles of pharyngopalatine muscle are to 
midline. Fibers of levator veli palatini muscle (*) are obliquely descending 
glands are near the oral mucosa (arrow ), respectively. 


Figure 15.15 Sagittal section of uvula with numerous mucous glands an 
muscle. More glands are seen near the oral surface (right ). 


Floor of the Mouth 


The mucous membrane of the floor of the mouth is thin and loosely attac 
structures. The rete ridges are short. The submucosa contains some adipi 
minor salivary glands (sublingual mucous glands). 


Tonsils 


The tonsils are organized aggregates of lymphoid tissue covered on their 
mucous membrane. The close proximity of lymphocytes to the surface ef 
direct internal transport of foreign material from the exterior. Epithelial-li 
further aid in trapping foreign material. Tonsils normally lack a prominent 
contrast to lymph nodes, which have a capsule and subcapsular sinus tha 


delivery through afferent lymphatics. The mucosa lining the palatine and 
Stratified squamous epithelium, whereas the mucosa overlying the pharyn 
pseudostratified ciliated respiratory type epithelium that contains occasion 
epithelium lining the crypts or folds represents an extension of the regio 
However, the epithelial lining of some crypts in the palatine tonsil may o 
respiratory mucosa. The palatine tonsil contains 10 to 30 crypts that may 
juxtacapsular region. In the lingual tonsil (Figure 15.16 ) and pharyngeal 
epithelium forms only shallow folds 0.5 to 1.0 cm deep. Sulfur granules « 
and other Actinomyces -like oral flora are a frequent finding within tonsill 
nodes, the lymphoid component may contain lymphoid follicles, some wit! 
Intraepithelial lymphocytes within the surface and crypt-lining epithelium 
is commonly observed (Figures 15.17 ,15.18 ) and merely reflects the nc 
lymphocytes. Sometimes the epithelium is so heavily infiltrated by lymphc 
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distinguishable. Intraepithelial lymphocyte trafficking primarily overlies < 
follicles (Figures 15.19 ,15.20 ), resembling Peyer's patches of the small 
Intraepithelial lymphocytes of the surface mucosa are predominantly T ce 
and CD8+), whereas those present within the crypt epithelium include bott 
The epithelial cells of lymphoepithelium (known as M cells) exhibit numer 
microfolds. At the ultrastructural level, intraepithelial lymphocytes have be 
within intracytoplasmic compartments that communicate with each other 
network of channels (37 ). 
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Figure 15.16 Lingual tonsil. Low-power view of lymphoid tissue and und 
appear as pale areas among bundles of skeletal muscle. 


Figure 15.17 Lingual tonsil. The mucosa (nonkeratinized stratified squar 
infiltrated with numerous lymphocytes that obscure the basement membr 


Figure 15.18 Lingual tonsil. Squamous epithelium of crypt is disrupted k 
migrated into it. 


m 


Figure 15.19 Tonsil lymphoepithelium overlying a secondary lymphoid fo 
center. The CD3 (T-cell marker) immunostain highlights abundant T cells 
epithelium. (We acknowledge Christopher N. Otis for his help with this çg 


Figure 15.20 Tonsil showing CD20 (B-cell marker) immunoreactive lymp! 
lymphoid follicle. B cells focally pass through the lymphoepithelium. (We 
N. Otis for his help with this photomicrograph.) 


Tonsils are normally found in close association with minor salivary glands 
Frequently, the excretory ducts of these mucous glands empty into the tc 
Salivary glands (Weber's glands) adjacent to the palatine tonsils are thoug 
reservoir of pathogenic bacteria and therefore should be removed along w 
tonsillectomy. Small foci of elastic cartilage and even bone may be preser 
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fibrous capsule of the palatine tonsil, which has been proposed by some 
metaplasia or heteretopia (38 ) but more than likely is an embryological 
cartilage that originates from the second branchial arch. 


Figure 15.21 Lingual tonsil. Lymphoid tissue with follicles under mucosa 
(crypt). Note mucous glands and ducts. 


Labial (Superior and inferior) 
Lips 

Mixed (predominantly mucous) 
Buccal 

Cheek 

Mixed (predominantly mucous) 
Glossopalatine 

Anterior faucial pillar 


Glossopalatine fold 

Pure mucous 

Palatine 

Hard palate 

Soft palate 

Pure mucous (mixed in avula) 


Uvula 

Mixed (predominantly mucous) 
Palatine tonsil (Weber's glands) 
Subjacent to tonsil capsule 
Pure mucous 

Sublingual 

Floor of mouth 

Mixed (predominantly mucous) 
Lingual (glands of Blandin and Nuhn) 
Anterior tongue 

Mixed (predominantly mucous) 
Tongue (Ebner's glands) 
Circumvallate papillae 

Pure serous 

Lingual tonsil 

Base of tongue 

Pure mucous 

Nasal and _ paranasal 

Nose and sinuses 

Mixed 


Name Location Type of Acini 


Table 15.2 Minor Salivary Glands of the Mouth, Nose, and Parana 


Minor Salivary Glands 


Numerous small salivary glands are scattered throughout the submucosa < 
and paranasal sinuses, as well as adjacent to the palatine and pharyngea 
not encapsulated and are named by their location. They can be classified 
mixed seromucinous types (Table 15.2 ). These glands produce secretions 
major salivary glands, which empty onto the mucosal surface through nu 
ducts. The secretory activity of these glands appears to be continuous, al 
to specific local chemical or physical stimuli. 


Figure 15.22 Minor salivary glands in the uvula are surrounded by cros: 
gland with the distinct duct is of the pure mucous type. The other gland 
serous cells forming darker staining crescents (arrows ). 


Structurally, the minor salivary glands are compound tubular or tubuloac 
portions are the acini that are designated according to their secretion as 
Within mixed acini, the mucous cells are nearest to the excretory duct, w 
at the cul-de-sac of the acini and appear as crescents, called the demilun 
15.22 ,15.23 ). The mucous acini are more tubular than those of the ser 
are also larger, 
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and their flattened nuclei are present at the cell bases. The mucous cells 
cytoplasm in H&E-stained sections (Figure 15.13 ) and will also stain witl 
Schiff (PAS), or mucicarmine (39 ,40 ). The smaller serous cells have mo 
and have an eosinophilic cytoplasm that contains zymogen granules. Cor 


are wrapped around the acinus and assist by squeezing the secretion fromm 
excretory ducts (41 ). The myoepithelial cells of the minor salivary gland: 
immunoreactive with antibodies to cytokeratin (CK5, CK14, and CK17), to 
(smooth muscle actin, h-caldesmon, calponin), p63 (nuclear immunoreacti’ 
100 protein (42 ). It should be noted that melanocytes may be found in 
of minor salivary glands (43 ). 


Figure 15.23 Mixed minor salivary gland of the uvula. Acid mucopolysac 
are stained turquoise (Alcian blue at pH 2.6). 


It is important to note that the minor salivary glands, wherever they occu 
paranasal sinuses, can become involved by the same pathologic processes 
glands. This is especially true for neoplasms, which arise from various ce 
minor salivary glands. 


The surgical pathologist must be well aware of the fact that squamous me 
excretory ducts and acini of minor salivary glands. For instance, epitheliz 
of various types may lead to squamous metaplasia that can mimic squam 
example of this is seen in necrotizing sialometaplasia or in irradiated sali\ 
case, the diagnostic dilemma is usually compounded by the possibility of 
Squamous cell carcinoma. Oncocytic cells may be found in minor salivary 
and distribution patterns (Figure 15.24 ). Oncocytes (â€œswollen cellsa€« 
columnar epithelial cells with a finely granular eosinophilic cytoplasm that 


many exocrine or endocrine glands (44 ). Up to 60% of their cytoplasm i: 
mitochondria that can be visualized after long-term (48 hours) staining \ 
hematoxylin on fresh-frozen sections incubated for the histochemical den 
mitochondrial enzyme activity, by means of immunohistochemistry (e.g., 
antibody), or by electron microscopy. Oncocytes are benign cells that occ 
frequency in older persons. They develop due to metaplasia of ductal anc 
However, the etiology and functional significance of oncocytic metaplasia i: 
Salivary glands, oncocytes can be seen in nodular or diffuse oncocytosis, 
even oncocytic carcinomas (47 ). 


Figure 15.24 Oncocytes in minor salivary gland appear as cuboidal swoll 
granular oxyphilic cytoplasm. 


Cheeks 


The skin of the cheek is part of the facial skin. The inner surface of the c 
Squamous lining mucosa. The submucosa contains some fat cells and man 
the mixed type, embedded in loose connective tissue. The mucosa and su 
underlying buccal musculature by connective tissue fibers. 


Juxtaoral Organ of Chievitz 


Deep in the wall of the cheeks overlying the angle of the mandible sits < 


small fusiform structure, the juxtaoral organ (JOO) of Chievitz, which is r 
buccotemporal space (48 ,49 ). In adults, it measures 0.7 to 1.7 cm in ler 
diameter and persists throughout life. It is multilobulated, has a dense fi 
of round or elongate nests of nonkeratinizing squamouslike epithelial cells 
organized connective tissue stroma that is rich in small nerves and sensc 
two to four branches of the buccal nerve (50 ). The connective tissue env 
inner stratum fibrosum internum, middle stratum nervosum, and outer si 
These nests of epithelial cells appear in a cluster on histologic sections, | 
them to be small sprouts and folds in continuity with a mass of epithelium 
sections through different portions of the JOO can show considerable varié 
of epithelial sprouts (Figure 15.25 ). The larger nests of epithelium are cc 
clear PAS-positive cytoplasm and round or oval nuclei, forming a€celight 
bridges can be seen toward the center of the cell nests. The cells in the s 
whorl-like or concentric arrangement. Occasionally, a glandlike lumen or i 
colloidlike mucin-negative material is encountered. Melanin pigmentation h 
JOO (51 ). The central epithelial cells of the JOO appear to be immunore 
whereas the outer 
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more basaloid cells are usually keratin negative. The cell nests are also çg 
epithelial membrane antigen (EMA) but are negative for S-100 protein, g 
(GFAP), neurospecific enolase (NSE), synaptophysin, and chromogranin (5 


Figure 15.25 Juxtaoral organ of Chievitz. Small nests of nonkeratinized 


are delineated by basement membrane. The elongated cells outside the e€ 
fibroblasts and Schwann cells. Nerve is seen below and to the right. 


The seemingly esoteric and minute JOO has considerable importance for 
because the presence of squamous epithelial nests intimately admixed wii 
may be misinterpreted as perineural invasion by squamous cell carcinoma 
astute pathologists aware of this pitfall have, in a case of a mucoepiderr 
lymphatic spread in the retromolar region, correctly recognized the epithe 
organ (55 ). Such cases unequivocally demonstrate the importance of awi 
organ. Cases of clinically enlarged (56 ) and hyperplastic JOOs have been 
far no carcinoma originating from it has been reported. The function of th 
Johan Henrik Chievitz, a Danish anatomist, described this structure in 18€ 
embryo (58 ), it has been widely believed that the organ of Chievitz is a 
representing an abortive salivary gland anlage. More recently, the possibi 
and receptor function of the organ has been raised (59 ). The JOO has be 
pacinian corpuscles (60 ), Supporting its mechanosensory function. For a 
literature, the reader is referred to the small monograph by Zenker (49 ) 
Pantanowitz and Balogh (59 ). Finally, we would like to alert our readers 
benign epithelial islands may reside within peripheral nerves in the maxill 


). 


Tongue 


Situated in the floor of the mouth, the tongue is an organized mass of c 
invested by mucous membrane. Its muscles are partly extrinsic (i.e., have 
tongue) and partly intrinsic, being contained entirely within it. The bundl 
are embedded in connective tissue with some adipocytes and are arrang 
tongue is well-supplied with blood vessels that form numerous anastomosi 
endowed with myelinated and nonmyelinated nerves containing motor, se 
nerve fibers, some with ganglion cells. The ventral (under) surface of the 
smooth lining mucosa that has short, blunt rete ridges (Figure 15.26 ). I 
the connective tissue that intersects with the ventral muscle bundles of t 


The dorsal (upper) surface of the tongue is divided into an anterior and p 
Shaped shallow groove, the sulcus terminalis. The anterior two-thirds of tł 


lined by specialized mucosa, which is bound by connective tissue fibers t 
muscle of the tongue. This specialized mucosa is modified keratinized sq 
with small projections (papillae) that are visible to the naked eye. The pa 
of these papillae so as not to mistake them for papillary epithelial hyper 
hairy leukoplakia. According to their shape, the papillae can be filiform, 1 
circumvallate. The great majority are filiform papillae, conical projections 
epithelium (Figure 15.27 ). Among these are scattered the fungiform par 
elevations above the surface of the tongue; their surface is not keratinize 
Clinically, fungiform papillae appear as small red nodules because the thir 
mask the underlying vascular connective tissue. Microscopically, fungiform 
misinterpreted as denture-induced fibrous hyperplasia or small traumatic 
papillae are located posteriorly along the sides of the tongue. At 
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the junction of the anterior two-thirds and the posterior one-third of the © 
circumvallate papillae. These are the largest papillae, measuring 0.1 to 0.: 
arranged in a V-shape immediately anterior to the sulcus terminalis. The 
number 6 to 12. A small, ring-shaped furrow surrounds each circumvallat 
from a circular, palisade-like mucosal elevation (vallum), which is the out 
circumvallate papilla (Figure 15.29 ). 


Figure 15.26 Ventral surface of tongue. The stratified nonkeratinized sq 
lining mucosa has a slightly wavy interface with the lamina propria. A fe 
are seen in the lamina propria and in the epithelium. 


Figure 15.27 Dorsal surface of tongue. Filiform papillae have a connectiv 
secondary papillae with pointed ends. The superficial Squamous cells are 
Slender, pointed rete ridges. 


a 


Taste buds are present in large numbers on the side of the circumvallate 
numbers on the fungiform and foliate papillae, as well as elsewhere on th 
aspects of the tongue. These small epithelial organs stain lighter than th 
Like other simple epithelia, taste buds express low-molecular weight kerat 
accordingly, they are immunoreactive with the antibody CAM5.2 (Figure 

serous glands (Ebner's glands) are located under the circumvallate papilla 
glands empty their secretion into the small furrow around each papilla; t 
out the furrows, thus facilitating perception of new tastes (Figure 15.29 ) 
barrel-shaped intramucosal sensory receptors that occupy the full thicknes 
communicate with the surface through a small opening, the gustatory por: 
taste buds are composed of three types of cells: (a) gustatory or taste c 
sustentacular, cells, and (c) basal cells. The taste cells are crescent-shap 


cytoplasm, and possess numerous 
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fine microvilli that protrude through the taste pore as gustatory hairs. The 
cells has intimate contact with many fine nerve terminals that leave throt 
membrane and become myelinated outside the taste bud. The supporting 
crescentic, extending between the basement membrane and the surface; t 
taste bud and are also scattered between the gustatory cells. The support 
cytoplasm and possess microvilli that also protrude through the taste pore 
situated between the bases of the other cells, give rise to the other cells « 


Figure 15.28 Fungiform papillae. Slightly rounded, elevated structures w 
tissue core. Smaller connective tissue papillae project into the base of th 


Figure 15.29 Circumvallate papilla. Numerous 
on the epithelium facing the papilla within the 
surrounding the circumvallate papilla. 
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furrow. Ducts of serous gla 


Figure 15.30 Taste buds showing immunoreactivity for CAM 5.2. 
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Figure 15.31 Taste buds on the side of a circumvallate papilla. The cells 
buds are spindle-shaped and oriented at a right angle to the surface. The 
and are situated mainly in the basal half of the buds. Nerve fibers ending 
(gustatory) cells cannot be seen with H&E stain. 


The apex of the V-shaped sulcus terminalis projects backward and is mark 
foramen cecum, which is an embryologic remnant indicating the upper en 
Correspondingly, ectopic thyroid tissue can occur at the base of the tong 
anywhere along the tract of the thyroglossal duct caudally (Figure 15.32 
thyroid resembles normal thyroid tissue. However, the surgical pathologist 
presence of thyroid glands within muscle may mimic carcinoma. Ectopic t 
all the physiologic and pathologic changes of the thyroid gland proper. 


Figure 15.32 Lingual thyroid. The glandular parenchyma is embedded in 
thyroid tissue is not encapsulated, and care should be taken to avoid mis 
growth. 


Gingiva 
The gingiva (gum) is that portion of the oral mucosa that surrounds the n 
collar. Masticatory mucosa (i.e., parakeratinized or keratinized stratified 
covers the gum. There is no submucosal layer. Instead, the connective tis 
contains collagenous fibers that bind the epithelium tightly to the underl 
and bone. The gingival epithelium interdigitates with the underlying conn 
interconnected rete ridges that are separated by connective tissue plates 
15.33 ,15.34 ). The gingival epithelium is divided anatomically into oral | 
junctional epithelia. The cytokeratin expression profile of gingival epithelit 
anatomical division (Table 15.1 ). 
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Oral gingival epithelium that extends onto the oral surface of the gum be 
of masticatory mucosa. The short portion of gingiva apposed to the toott 
from the rest of gingival epithelium in that it is thinner, lacks the charact 
not keratinizing (65 ,66 ). 


A 
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Figure 15.33 Gingiva (gum). The masticatory mucosa has tall rete ridges 
collagen fibers (blue) tightly anchors the epithelium to the underlying bor 
layer (orange band) on the surface of the epithelium imparts further strel 
trichrome). 
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Figure 15.34 Gingiva. Tall rete ridges and dense lamina propria with blc 
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The gingiva is highly vascular; its vessels originate in the periodontium ar 
propria, forming well-organized capillary loops. Occasionally random biopsi 
performed to support the diagnosis of systemic diseases (e.g., amyloidos 


I ntraepithelial Nonkeratinocytes 


Four different nonepithelial cell types normally occur in the oral mucosa: 
Langerhans cells, and lymphocytes. 


Melanocytes are found mainly in a basal location in the oral mucosa; they 
people with darker complexions (67 ,68 ). Small areas of melanin pigmen 
mm in diameter, may occur. They are most common on the gingiva but ar 
palate, and buccal mucosa and are called mucosal melanosis (melanotic r 
15.35 ). Melanin pigment formed by melanocytes in the basal layer is tre 
epithelial cells. Such changes can sometimes occur after inflammatory rei 
Peutz-Jeghers syndrome and Addison's disease, or secondary to drugs ar 
virus (HIV) infection. Melanocytic hyperplasia (lentigo) and pigmented nevi 
oral mucosa but less commonly than on the skin (70 ,71 ,72 ,73 ). Histol 
increased melanin pigmentation in the basal cell layer without an increase 
melanocytes. Intramucosal nevi, similar to intradermal nevi, are the most 
Other types of nevi, such as compound nevi, junctional nevi, blue nevi, al 
observed on the vermilion border, cheek mucosa, gingiva, palate, and t 
primary malignant melanomas can arise anywhere from the oral mucosa ( 


Merkel cells also occur in the basal layer of the oral epithelium, either inc 
). Clusters are preferentially located in masticatory mucosa in close conta 
Supports the notion that they have a mechanoreceptor function. On _ routi 
their cytoplasm appears lighter than that of the surrounding basal cells. 
are morphologically and functionally identical to those in the skin. They i 
antibodies to S-100 protein, chromogranin, CK20, and villin. Their ultrast 
many intracytoplasmic dense-core, membrane-bound granules, 80 to 100 
15.36 ). 


Langerhans cells, mostly located suprabasally, are microscopically similar 
cannot be distinguished with certainty in routine H&E-stained sections. In 
Langerhans cells are structurally and functionally similar to those in the s 


cytoplasm appears clear, and their small indented (a€cecoffee beanâ€e ) 
hematoxylin. Their dendritic processes, spread among the cells of the str 
seen well with the immunohistochemical stain for S-100 protein (Figure 1] 
the MHC class Il 
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molecules (e.g., HLA-DR), and various adhesion molecules (78 ). Electror 
characteristic Birbeck granules in their cytoplasm and a lack of tonofilamı 
frequency of oral mucosal Langerhans cells varies inversely with the deg 
are quantitatively lowest in the floor of the mouth and do not occur only 
the taste buds and in epithelium lining periodontal pockets. 


Figure 15.35 Mucosal melanosis of the lip. Numerous melanocytes above 
as a brown ribbon. 


Figure 15.36 Merkel cell surrounded by keratinocytes in the basal layer 
micrograph shows the _ lighter-staining cytoplasm with characteristic and 
membrane-bound, dense-core granules. The nucleus has no fibrous lamin 
adjacent dermis contains fibroblasts. (Original magnification A—11,500.) 


Langerhans cells play an important role in the immune response, being ir 
and presentation of antigens to subjacent lymphocytes. An increased num 
seen in biopsy samples of the oral mucosa in oral lichen planus, associate 
tobacco and alcohol consumption, and in tumor epithelium of invasive oré 
carcinoma. 


Teeth and Supporting Structures 


The deciduous and permanent teeth have a similar microscopic appearance 
bony sockets on the alveolar processes of the maxillae and the mandible. 
lies within the socket is called the root; there may be multiple roots. The 
the apex. The alveolar processes are covered by the gum, and the crowns 
above the gums. The roots of the teeth are held securely in their sockets 
fibers called the periodontal ligament (periodontal membrane) (12 ,66 ). 
the tissues investing and supporting the teeth: the cementum, periodont: 


bone, and gingiva (Figures 15.38 ,15.39 ). The center of each tooth has < 
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pulp chamber, or pulp cavity, that is filled with dental pulp containing lo 
nerves, blood vessels, and lymphatics (79 ) (Figure 15.40 ). The pulp ch 
root and becomes the root canal. The vessels and postganglionic sympatt 
fibers enter and leave the root canal through a small opening, the apical 
chamber of the growing tooth is lined by a single continuous layer of odc 
columnar cells with oval nuclei. An elongated cell process, also known as 
each odontoblast into the extracellular matrix secreted by them (Figure 1 
the odontoblastic process eventually mineralizes, so that Tomes' fiber com 
tubule (80 ,81 ). Besides the odontoblastic process, the tubules also cont 
unmyelinated nerve fibers, which account for the well-known sensitivity ol 
arranged in the shape of tubules running from the pulp chamber toward ` 
tubules and the meshwork of collagen between them are embedded in hy 
weight basis, 80% of dentin consists of inorganic calcium salts and 20% «< 
harder than bone but softer than enamel. Dentin makes up most of the wi 
mature tooth, many odontoblasts become inactive, but some continue pro 
reduced rate throughout the life of the tooth. In response to physiologic 
odontoblasts can upregulate their protein synthetic activity. 


Figure 15.37 Langerhans cells in mucosa of tongue. Dendritic cells in tt 
demonstrate immunoreactivity for S-100 protein. 


As the dental pulp ages, the number of fibroblasts decreases and, concon 
size of collagen fibers increases. Pulp stones (denticles) are commonly ob 
of aging individuals. True denticles contain dentinal tubules within a mine 
surrounded by odontoblasts. False denticles are composed of a mineralize 
concentric lamellae. Most denticles are asymptomatic. 


Enamel covers the crown of the tooth. It is the hardest material found in 
99.5% apatite crystals (82 ). Mature enamel is made up of long thin rods 
decalcification and are therefore not seen on conventional histologic sect 
junction lies at the former interface between the inner enamel epithelium 
Coronal dentin is covered with enamel, and radicular dentin is covered w 
cementum covers the root of the tooth. A slight indentation (cervical line) 
marks the junction of the crown with the root. 
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The cementum joins the enamel at this junction (cementoenamel junction! 


structure and composition to bone but has fewer cells, called cementocytt 
(10,11 ). It is composed of 55% organic material (mainly calcium) and : 
Cementum is attached by the periodontal ligament to the surrounding bor 
persons, many cementocytes die, and only the surface layer appears viak 
phenomenon are cementicles, which are small round calcified bodies on or 
the periodontal ligament. Cementicles are of no clinical significance. 
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Figure 15.38 Schematic drawing depicts the periodontium including the 
periodontal ligament, and cementum. 
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Figure 15.39 Root of tooth and supporting structures, perpendicular sect 
a thin layer of cementum (appearing as a blue band). The periodontal lig 
in the bony socket of the alveolar process (B ). 
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Figure 15.40 Pulp of developing tooth. Odontoblasts (arrows ) line denti 
of loosely arranged fibroblasts. Note the delicate wall of blood vessels. 


From the pathologist's point of view, it is noteworthy that examination of 
neoplastic growth in most cases shows tumor invading the periodontal lig 
bone, destroying these structures. The roots of the teeth may remain inte 
resorption. However, the dental pulp is rarely invaded by neoplasm. 


Odontogenic epithelium changes over time. Before tooth eruption, it consi 
epithelium, inner enamel epithelium, stellate reticulum, Hertwig's epithelia 
lamina; after complete tooth formation, it comprises the epithelial rests c 
odontogenic epithelia express cytokeratins 5, 8 and 19 (83 ). In addition, 
epithelium and stellate reticulum also express cytokeratins 7, 13, 14, 17, 
epithelium, cytokeratins 14 and 18; dental lamina, cytokeratins 7, 13, an 
of Malassez, cytokeratins 14 and 19. During odontogenesis, CK14 express 
gradually replaced by CK19. Odontogenic epithelium is the source of odor 
neoplasms, which explains why CK19 is present in almost all epithelial ce 


Pathologic Correlates of the Rests of Serres an 
Malassez 


Developmental remnants of the dental lamina, called the rests of Serres, 
gum as small nests of squamous epithelium (10 ,14 ) (Figures 15.2 , 15.4 
islands may proliferate and undergo cystic degeneration, which leads to t 
cysts. Similarly, epithelial remnants of Hertwig's root sheath, called the r 
universally present in the periodontal membrane and, exceptionally, even 

alveolar ridge. When dental caries cause a bacterial infection and necrosis 
usually spreads toward the apical foramen, and a periapical granuloma ma 
the inflammatory stimulus, the nearby epithelium of the rests of Malassez 
forms an epithelial lining in these apical granulomas (Figure 15.41 ). It is 
rests of Serres and the rests of Malassez are potential sources of amelol 
cysts. 


Nose and Paranasal Sinuses 


External Nose and Nasal Vestibule 


The external nose is covered by skin that is rich in sebaceous glands, sw 
The anterior skin of the nares and widened nasal vestibule, lined by skin 
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continuous with the integument of the nose, similarly contains many hair 
and sweat glands. The squamous epithelium of the vestibule merges with 
which covers the respiratory portion of the nasal cavity and all of the pa 


Figure 15.41 Rests of Malassez in periodontium near the apical granulor 


Nasal Mucosa 


At the level of the limen nasi, the lining of the nasal cavity gradually cha 
epithelium to nonciliated cuboidal or columnar epithelium. Farther into the 
becomes continuous with the pseudostratified ciliated columnar epitheliul 
The mucosa of the respiratory portion is continuous with that of the ostiz 
sinuses. The mucosal lining contains three main cell types: basal (reserve 
ciliated cells (Figure 15.42 ). Basal cells, confined to the vicinity of the b 
produce new daughter cells that differentiate to become mucous or ciliate 
rest on the basement membrane with a slender stem, and the cytoplasm 
contains varying amounts of mucus. As these cells fill up with mucus, the 
foot and a stem. The cells discharge their contents to form a blanket of n 
surface of the respiratory epithelium. Another source of this mucous coat 


seromucinous glands in the lamina propria. 


Tes 
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Figure 15.42 Pseudostratified respiratory mucosa of the nose with pred 
Goblet cells have clear cytoplasm. The basal cells (arrow ) are lying on tli 
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The majority of the cells of the respiratory epithelium are normally made 
small fingerlike cell processes, the cilia, which project into the lumen. Eac 
each about 5 Aum long. Ultrastructurally, on cross section the ciliary shaf 
characteristic circular arrangement of nine pairs of microtubules (doublets 
symmetrically around two central microtubules (Figure 15.43 ). Longitudi 
show that the ciliary shaft ends in a basal body (kinetosome), from which 
nasal mucosa is a convenient site to biopsy when ultrastructural abnorma 
suspected, such as in immotile-cilia syndrome (85 ,86 ). The function of i 
nose is to constantly move the protective mucous blanket by the coordiné 
the cilia toward the pharynx. In order to perform this function, the cilia be 
cycles/second. They have an effective whiplike stroke forward and a reco 
propulsive forward phase is much faster and more vigorous than the reco 
activity is optimal at the normal nasal temperature of about 30A°C. Howe 
persist under unfavorable conditions, including under extreme cold and he 
normally and forcefully in a pus-filled cavity. When injured or destroyed k 
regenerate rapidly. They do not, however, tolerate excessive drying. Accc 
dependent always upon a coating of moisture for their activity and preser 
mucus covering the nasal mucosa and paranasal sinuses forms a conveyor 


foreign matter. The nasal mucociliary layer is the first line of defense ag 
this location. 


Melanocytes are also present in the normal mucosa of the upper airways. 
can be seen in the respiratory epithelium and nasal glands. Melanocytes 
in the lamina propria of the septum and turbinates, particularly in dark-sl 
explains why primary malignant melanomas are well-known to arise in the 
sinuses (89 ). 


Intraepithelial lymphocytes are diffusely scattered throughout the nasal n 
uniformly CD8+ T cells (36 ). These T cells coexist with a population of c 
CDla expression. The nasal mucosa and subepithelial tissue contain virtua 
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finding may explain why most primary nasal lymphomas are of CD8+ T-c 
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Figure 15.43 Transmission electron micrograph of nasal mucosa. Vertica 
epithelial cells extending to the surface. The shafts of the slender long ci 
central microtubules that appear as darker linear structures extending frc 
body) (B ). Cross-banded filamentous rootlets (R ) are associated with k 


complexes (J ). Inset: Cross section of the shaft of two cilia. Note the s 
peripheral doublets and the central pair of single microtubules. (Original 
inset, original magnification A—87,500.) 


Beneath the mucous membrane is the lamina propria, containing numerou 
serous glands that discharge their secretion through lobular ducts onto th 
These glands are embedded in vascular fibroconnective tissue, which is al 
perichondrium and periosteum of the cartilages and bones forming the na 


The turbinates are somewhat curved structures that are supported by an 
relatively thick mucosa (Figures 15.1 , 15.45 ). Their convex surface prot 
cavity. Located beneath their mucosa is a tunica propria or stroma that a 
underlying structures. Their tunica propria is of variable thickness, being © 
exposed to inhaled and exhaled air (i.e., over the nasal septum and medi 
and middle turbinates). In these areas, the epithelium contains many gob 
membrane is prominent (93 ). These areas also have abundant blood ves 
seromucinous glands (6a€“10 glands/mm2 ) (Figure 15.46 ). The glands 
tubules lined with goblet cells to tubuloalveolar glands. The chief ducts of 
mucosal surface by minute orifices. The glands tend to be at a level betw 
underlying bone. 


The turbinates and the lower part of the septum are rich in venous sinuse 
size and shape, forming a dense network of large veins that resemble ere 
). These blood vessels are of irregular shape, have muscular walls, and c 
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constrict, thereby permitting fast adjustments of mucosal temperature an 
changes. It is important for the surgical pathologist to know about the mn 
anatomy of the turbinates in order to avoid mistaking them for a heman 
angioleiomyoma. The stroma of the nasal mucosa also contains lymphatics 
sprinkling of lymphocytes and plasma cells but no lymphoid aggregates. A 
eosinophils are normally also present. 


Figure 15.44 Nasal seromucinous gland with duct. Serous cells with dar! 
at the periphery of tubuloacinar glands and form the demilunes of Giannt 


m 


Figure 15.45 Middle turbinate, coronal section. Bone in the axis of the t 
delicate, curled structure. The covering mucous membrane and tunica pro} 
vessels and mucous glands, particularly on the convexity and inferior bor 
that are most exposed to the airstream in the nasal cavity. (Low-power \ 


Figure 15.46 Turbinate, coronal section. Mucosal blood vessels are surrot 
connective tissue (blue); note the large artery near the bone (B ) (Malloi 


m 


The osseous portion of the turbinates consists of thin, interconnecting lar 
forming a continuous shell that is interconnected with bone trabeculae. T 
contain numerous large veins, arteries, and some nerves. In contrast to i 
intraosseous veins have a rather large round or oval lumen on cross secti 
proportionately thin walls. Occasional adipocytes, but no hematopoietic mi 
turbinated bone. The presence of prominent hematopoiesis in the facial ar 
paranasal sinuses is abnormal and may be observed in conditions such a: 


The nasal septum consists of a large cartilaginous plate and four small os 
firmly unite with sutures (Figure 15.48 ). The nasal mucosa is closely ap 
structures of the nasal septum. The periosteum and perichondrium of the 
closely to the overlying submucosa as to constitute one 
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membrane, called the mucoperiosteum. A common site of nosebleed is Lil 
Kiesselbach's area ) on the anterior part of the cartilaginous nasal sept 
intermaxillary line. The submucosa of this area is richly supplied with thi 
vessels (Figure 15.49 ). Although rarely seen in surgical specimens, Little 
mistaken for a pyogenic granuloma, which frequently occurs in this locati 
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Figure 15.47 Inferior turbinate. Numerous larger blood vessels of variabli 
closely packed and form a spongelike vascular system resembling erectile 
cells are evenly distributed. Capillaries are lacking. 
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Figure 15.48 Suture (S ) in the nasal septum. Parallel edges of the vome 
connected by parallel, densely arranged collagen fibers that are anchored 
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Vomeronasal Organ of Jacobson 


The vestigial remains of a paired embryonic structure, the vomeronasal o 


situated under the mucosa of the lower anterior side of the nasal septum 
0.6 cm. In adults, it consists of a small tubular sac lined by columnar ep 
it has no sensory cells with cilia and lacks other well-differentiated olfact 
15.50 ). The organ is best developed in the twentieth week of embryonic 
changes occur and it becomes rudimentary. In humans it has no known fu 
pathologic significance (94 ). In many vertebrates, Jacobson's organ is h 
particularly in animals of keen olfactory sensibility (95 ,96 ,97 ). 


Figure 15.49 Little's area. Teleangiectatic, thin-walled blood vessels are 
epithelium in the anterior portion of the nasal septum. This area is above 
glands. 
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Figure 15.50 Vomeronasal organ of Jacobson in a 22-week-old embryo ( 
length), including a cross section of the tubular structure adjacent to vol 
humans the columnar epithelium has microvilli but no sensory epithelium. 


Olfactory Mucosa 


The roof of the nasal cavity and contiguous portions of the nasal septum 
form the olfactory region (98 ). Here, the ciliated columnar epithelium of 
modified by liberally scattered cells of the sensory organ of smell. The c 
of three types of cells: (a) olfactory nerve cells, (b) Supporting, or suster 
basal cells that lie on the basal lamina (99 ,100 ) (Figure 15.51 ). The ol 
spindle-shaped and have a spherical nucleus. The dendrites of these bipol. 
surface of the pseudostratified olfactory epithelium and send out a tuft of 
olfactory cilia (hairs). The cilia, which function as receptors for the detect 
Aum long and lie along the surface of the mucosa embedded in mucus. TI 
bipolar cells form axons that find their way through the basal lamina anc 
to become bundles of unmyelinated olfactory nerve fibers (100 ). These | 
myelinated nerves, which then pass through the cribriform plate of the ett 
mitral cells in the olfactory bulb. The supporting cells are tall, cylindrical | 
contain lipofuscin, giving the yellow hue characteristic of the olfactory mt 
surface of these cells possesses many slender microvilli that protrude into 
basal cells are small and conical, lying with their base on the basement r 


believed to represent 
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stem cells that can give rise to new supporting and sensory cells. Under t 
propria, composed of loose connective tissue in which are found the olfac 
(101 ). The secretion of these tubuloalveolar glands is carried to the surfe 
narrow ducts. 


Figure 15.51 Olfactory mucosa. The population of olfactory nerve cells ¿ 
a pseudostratified columnar epithelium with distinct microvilli. Basal cells 
). Bowman's glands (G ) with excretory ducts and nerves are between the 
nasal septum (B ). 


Paranasal Sinuses 


The sinuses are lined with a mucous membrane that is continuous with th 
mucosa is therefore similar to that of the nasal cavity. However, the epi 
epithelium) and lamina propria are thinner and less vascular. Seromucous 
sinuses are more sparse compared to in the nasal mucosa and are largely 
ostium of the maxillary sinus. The mucus formed in the sinuses is moved 
through the apertures to the nasal cavities. 
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16 
Larynx and Pharynx 


Stacey E. Mills 


Larynx 


Definition and Boundaries 


The larynx is a complex organ with numerous connective tissue 
elements and a variety of epithelia. The superior border of the 
larynx is the tip of the epiglottis and the aryepiglottic folds. The 
inferior limit is the inferior rim of the cricoid cartilage. The 
anterior boundary is composed of the lingual surface of the 
epiglottis, the thyroid cartilage, the anterior arch of the cricoid 
cartilage, the thyrohyoid membrane, and the _ cricothyroid 
membrane. The posterior boundary is the cricoid cartilage and the 
arytenoid region. The piriform fossa is frequently, and 
erroneously, considered to be a part of the larynx. In reality, it is 
a pouch of the hypopharynx that passes on each side of the 
larynx. It is, thus, a conduit for food and water, not air. 


Although not part of the larynx per se, the pre-epiglottic space is 
an important area for the spread of carcinoma. This more or less 
triangular space is filled with fat and loose connective tissue. It is 
bounded posteriorly by the epiglottis, anteriorly by the thyroid 


cartilage and thyrohyoid membrane, and superiorly by the 
hyoepiglottic ligament. 


Embryology 


The supraglottic portion of the larynx is derived from the third and 
fourth branchial arches and is, therefore, related to the 
development of the oral cavity and oropharynx. The glottis and 
subglottis arise from the sixth branchial arch, which also give rise 
to the trachea and lungs. Bocca et al. (1) have demonstrated that 
the larynx virtually consists of two hemilarynges (superior and 
inferior), each of them with its own different derivation and its 
own largely independent lymphatic circulation. These authors also 
discuss the importance of this embryologic derivation with respect 
to the origin and spread of laryngeal carcinoma. Each of these 
hemilarynges may become invaded by cancer independent of one 
another. The extension of cancer is often limited within the 
boundaries of this embryologic demarcation (1). 


The first embryologic appearance of the respiratory apparatus 
occurs at approximately 21 days in the 3-mm embryo. At this 
time, an evagination, or groove, forms adjacent to the superior 
portion of the foregut, above the fourth branchial arch. The 
inferior portion of this evagination is the pulmonary anlage. The 
first portion of the larynx to develop is the epiglottis, but this does 
not appear as a definitively formed structure until approximately 
the fifth week of intrauterine development. 
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The outline of the larynx is recognizable in the 6-mm embryo. At 

this time, the respiratory groove described previously begins to 

close; this closure is completed with the formation of the arytenoid 
cartilages. By 60 to 70 days, at the stage of the 30-mm embryo, 

the vocal cords begin to differentiate. The embryonic development 

of the larynx is complex, and it is not surprising that at least 30 

different congenital malformations have been described (2). 
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Figure 16.1 Anterior view of an unopened larynx shows the 
lamina of thyroid cartilage, the arch of the cricoid cartilage, 
and the hyothyroid membrane as the major structures that 
define the anterior external surface of the larynx. (From: 
Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


Gross and Functional Anatomy 


The larynx is composed of an elastic cone, cartilages, intrinsic and 
extrinsic muscles, submucosa, and an overlying mucous membrane 
(Figures 16.1,16.2,16.3). The elastic cone provides most of the 
structural strength to support the true vocal cords. The elastic 
tissue is thickened just under the mucosa of the free edge of the 
cord. This portion of the elastic cone is referred to as the vocal 
ligament. It is visible grossly as a white band beneath the mucous 
membrane (Figure 16.3). The vocal ligament inserts on the thyroid 
cartilage anteriorly and the vocal process of the arytenoid 
cartilage posteriorly (Figure 16.4). 


The major cartilages of the larynx are the cricoid, thyroid, and the 
paired arytenoid cartilages (Figure 16.5). These major structural 
cartilages are all of hyalin type. The epiglottis, in contrast, is 
composed of elastic cartilage containing numerous fenestrations. 
Calcification of the thyroid and cricoid cartilages begins during the 
second decade of life in males and somewhat later in females. In 
older individuals, the thyroid cartilage is frequently ossified, 
replete with fibrofatty and hematopoietic bone marrow elements. 
The ossification of the thyroid cartilage is important in regard to 
the spread of laryngeal carcinoma. This cartilage is involved by 
continuous or metastatic carcinoma only when ossified. Hyalin 
cartilage, perhaps because of its elaboration of angiogenesis 
inhibiting factors, is remarkably resistant to the spread of 
neoplasia. 
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Figure 16.2 Posterior view of an unopened larynx emphasizes 
the position of the arytenoid cartilages. Major support and 
posterior definition of the larynx are provided by the lamina of 
the cricoid cartilage. (From: 

Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


The cricoid and thyroid cartilages articulate with one another, but 
their motion is limited by several dense ligaments that anchor the 
cartilages together. The arytenoid cartilages articulate with the 
cricoid cartilage. Both the cricothyroid and cricoarytenoid joints 
are diarthrodial and lined by flattened synovial cells. These tiny 
joints are susceptible to conditions that more commonly affect 
larger synovial-lined spaces, such as gout and rheumatoid 
arthritis. 


Each arytenoid cartilage attaches to the thyroarytenoid muscle and 
has a protrusion, the vocal process, that is the posterior point of 
insertion of the vocal ligament. The position of the arytenoid 
cartilage determines the tension of the vocal ligament. During 
adduction of the cords, the arytenoid cartilages move medially 
along the facets of the cricoid cartilage; they also pivot or rock 
(Figure 16.4). The rocking motion causes the vocal processes to 
move downward and toward the midline to complete the adduction 
of the vocal cords. 


The muscles of the larynx can be divided into two groups. The 
extrinsic muscles originate from neighboring structures outside the 
larynx and insert on the thyroid, cricoid, or hyoid cartilages. These 
muscles include the omohyoid, sternohyoid, sternothyroid, and 
thyrohyoid muscles; they act as a whole upon the larynx during 
swallowing. 


Figure 16.3 Larynx as viewed endoscopically from above. The 
elastic cone is visible through the mucosa of the true cord as a 
gray-to-white zone. False cords are loose folds of mucosa 
without further distinguishing features. 
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The principle intrinsic muscles of the larynx are the cricothyroid, 
posterior cricoarytenoid, lateral cricoarytenoid, and 
thyroarytenoid. There are also small strands of muscle that are in 
continuity with the thyroarytenoid muscle and insert along the 
length of the vocal ligaments. This is frequently referred to as the 
vocalis muscle. It should be remembered that the vocalis muscle is 
actually a component of the thyroarytenoid muscle, and some 
authors use these names interchangeably. 


The lateral cricoarytenoid muscle adducts the vocal cord, and the 
posterior cricoarytenoid muscle abducts the cord. During 

phonation, the thyroarytenoid muscle slightly moves the thyroid 
cartilage. The degree of contraction of the thyroarytenoid muscle 


determines the length and tension of the vocal cord. 


Figure 16.4 The arytenoid cartilage articulates with the 
posterior lamina of the cricoid cartilage. When the arytenoid 
cartilages are abducted, they are widely separated and the 
airway is open (left). When adducted, the arytenoid cartilages 
pivot, as well as move medially, thus bringing the vocal cords 
together (right). (From: 

Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 
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Figure 16.5 The major cartilages of the larynx are better seen 
in this drawing that deletes the associated soft tissues. (From: 
Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


The larynx can be divided into three major compartments 
(supraglottic, glottic, subglottic) for purposes of discussing its 
submucosal and mucosal components. The supraglottic larynx 
extends from the tip of the epiglottis to the true cord (3). This 
portion of the larynx also includes the aryepiglottic 
(arytenoepiglottic) folds, false vocal cords, and ventricles. The 
arytenoepiglottic folds run posteriorly from the base of the 
epiglottis to the region of the arytenoid cartilages. The false vocal 
cords are soft, rounded protrusions of the mucous membrane that 
lie Superior to the true cords. The ventricles form the lower 
boundary of the false cords and separate them from the inferiorly 
located true cords. The ventricles extend upward behind the false 
cords as elliptical pouches. The greatest extension of the 
ventricles is slightly forward, where they end as dilated, blind 
pouches called the saccules. Involvement of the ventricle is a 


frequent route of superior spread by glottic carcinoma, and this 
spread may be difficult to detect clinically. 


The glottic compartment consists of the true vocal cords and the 
narrow band of mucous membrane called the anterior commissure, 
which bridges the vocal cords anteriorly (4,5). The subglottic 
compartment is the area between the lower border of the true 
vocal cords, where the squamous epithelium normally ends, and 
the first tracheal cartilage (6). 


Microscopic Anatomy 


Studies of larynges from newborns have shown that, except for 
the true vocal cords, the larynx initially is lined by ciliated 
epithelium (7) (Figures 16.6,16.7). Squamous epithelium begins to 
appear on the false vocal cords by about 6 months of age but does 
not necessarily completely replace the ciliated respiratory mucosa 
(8,9). The lingual, or anterior, surface of the epiglottis is 
invariably covered by stratified squamous epithelium. The 
posterior, or laryngeal, surface of the epiglottis is covered by 
Stratified squamous epithelium in its upper portion, but this 
merges with 

P.434 
respiratory-type epithelium inferiorly (10). About one-half of 
nonsmoking adults have patches of squamous epithelium 
intermixed with ciliated epithelium, both in the supraglottic and 
infraglottic regions. In smokers, the ciliated, respiratory 
epithelium of the larynx often is totally replaced by squamous 
epithelium. 
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Figure 16.6 Drawing of the normal microscopic anatomy of 
the larynx. Seromucinous glands are prominent in the false 
cord, and this cord is lined by ciliated columnar epithelium at 
birth. The vocalis muscle, elastic cone, and Reinke's space are 
also visualized in the true cord. (From: 

Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


The normal ciliated epithelium of the larynx has an innermost 
layer of small, round cellsa€”the basal, or reserve, cell layer. This 
single cell layer of basal cells is overlaid by a second row of 


ciliated columnar cells. Variation in the position of the nuclei 
within the columnar cell layer imparts a pseudostratified 
appearance to the epithelium. The ciliated layer may vary 
considerably in thickness (Figure 16.8). Mucus-secreting cells may 
be numerous or rare. When there is abundant mucin, the cells 
assume a goblet configuration and may be located either within 
the middle portion of the epithelium or near the surface (Figure 
16.9). Other mucus-secreting cells are barely recognizable and 
have only a few faintly discernible vacuoles within otherwise 
eosinophilic columnar cells. 


Figure 16.7 Section through ventricle discloses ciliated 
columnar to intermediate epithelium lining false cord (right) 
and squamous epithelium lining true cord (left). 


Figure 16.8 The ciliated columnar epithelium of the larynx 
may be only a few cells in thickness (left), or it may form a 
considerably thicker layer (right). (From: 

Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


The squamous epithelium of the larynx has a basal layer of small 
cells with scant cytoplasm and ovoid nuclei that are typically 
oriented perpendicular to the surface. Mitotic figures are normally 
confined to this layer. Dendritic melanocytes may be present in 
the basal layer, especially in African Americans (11,12). The 
frequency with which this 
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melanocytic change is observed, and whether it represents a 
congenital or acquired process, remain unclear. Rare laryngeal 
malignant melanomas presumably arise in such foci. 


Figure 16.9 Goblet cells and columnar mucinous cells may be 
present in variable numbers within the nonsquamous 
epithelium of the larynx. 


Figure 16.10 The squamous epithelium of the larynx can vary 


from approximately 5 cells to over 25 cells in total thickness, 
even within the same larynx. 


As the squamous cells in laryngeal mucosa mature and migrate 
toward the lumen, the nuclei enlarge, assume a more spherical 
Shape, and have more vesicular chromatin. The eosinophilic 
cytoplasm becomes abundant, and slight cell shrinkage during 
fixation produces numerous, thin strands of cytoplasm from 
adjacent cells that remain attached by desmosomes. Because of 
these thin cytoplasmic strands between cells, the term prickle cell 
layer (malpighian layer) has been applied to this zone. This is the 
broadest component of the squamous epithelium. The superficial 
layer is composed of one to three flattened cells with small, 
condensed nuclei. The squamous epithelium of the larynx can vary 
from about 5 cells in total thickness to over 25 cells (Figure 
16.10). Normally, the larynx lacks a layer of parakeratotic surface 
cells. Continued exposure to irritants, such as cigarette smoke, 
may lead to foci of parakeratosis that may also be associated with 
orthokeratin formation. 


The lamina propria of the true vocal cord is loose or dense 
connective tissue that lies between the vocal ligament and the 
Squamous epithelium (Reinke's space) (Figure 16.11). Reinke's 
Space contains a few capillaries but lacks lymphatics and only 
rarely has sparse seromucinous glands. As a result of this limited 
vascular access, carcinomas confined to the true vocal cords tend 
to remain localized and are amenable to curative radiation or 
Surgical therapy. The poor lymphatic drainage of Reinke's space 
also probably contributes to the development of vocal cord nodules 
and polyps when abnormal amounts of edemalike fluid collect in 
this region. Likewise, vocal abuse or upper respiratory tract 
infections frequently produce edema in this region and manifest 
clinically as hoarseness or dysphonia. The anterior commissure, 
unlike the true cords, contains more abundant capillaries, 


lymphatics, and seromucinous glands. 


Figure 16.11 The true vocal cord is lined by squamous 
epithelium. A narrow, sparsely vascular zone (Reinke's space) 
lies between the squamous epithelium and the underlying 
vocal ligament. 


The junction between the ciliated columnar epithelium, inferior and 
Superior to the squamous epithelium of the true vocal cords, may 
be abrupt, but usually there is a transitional zone that varies from 
several cells to a width of 1 to 2 mm. The transitional zone 
consists of columnar cells that are gradually replaced by small, 
basaloid or immature squamous cells (Figure 16.12). In effect, this 
is a zone of immature squamous metaplasia in which the cells 
become progressively larger until they reach the size of the fully 
mature squamous epithelium that lines the true vocal cord. 


The transitional zone often has a microscopically disorganized 
appearance when compared to the adjacent squamous and ciliated 
epithelium (Figure 16.12). Furthermore, the epithelium in this 
zone may be thickened and consist predominantly of basaloid cells. 


The latter 


cells have uniform nuclei with mitotic figures confined to the 
basal-most cell layer. This normal pattern can easily be confused 
with dysplasia or so-called carcinoma in situ, particularly in frozen 
sections or otherwise suboptimal preparations. Awareness of this 
transitional zone and attention to cytologic detail will avoid 
confusion. 


Figure 16.12 Ciliated columnar epithelium lines the false cord 
(left). A transitional zone is seen on the true cord (right). This 
zone of immature squamous metaplasia has a disorganized 
appearance that should not be confused with dysplasia. (From: 
Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 
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Figure 16.13 Seromucinous glands in the false cord drain into 
a duct that enters the overlying ciliated columnar epithelium. 
(From: 

Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


Human papillomavirus (HPV) subtypes have been implicated in the 
pathogenesis of a variety of squamous proliferations in the larynx 
and elsewhere in the head and neck. Using sensitive polymerase 
chain reaction (PCR) techniques, studies are beginning to 
document some HPV subtypes, such as type 11 in approximately 
25% of light microscopically normal laryngeal specimens (13). 
Thus, the finding of this HPV subtype adjacent to a laryngeal 
carcinoma cannot be assumed to represent a causative assocation. 
HPV subtypes more commonly associated with malignancy (HPV- 
16, HPV-18) have not yet been demonstrated in light- 
microscopically normal laryngeal mucosa. 
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Figure 16.14 Ducts from seromucinous glands may be lined 


by squamous cells, ciliated columnar epithelium, or a mixture 
of the two. 


Figure 16.15 Seromucinous glands and their ducts are most 
prominent in the false cord. 


Seromucinous glands are present throughout most of the larynx 
and communicate with the surface epithelium by ducts that are 
lined either by squamous cells, columnar epithelium (Figures 16.13 
and 16.14), or a mixture of the two (14). The columnar epithelial 
component may or may not be ciliated. The glands are most 
abundant in the false cords (Figure 16.15), and there is also an 
extensive group of seromucinous glands just below the anterior 
commissure. Just Superior to the anterior commissure is a narrow 
zone that is devoid of glands. In most cases, no glands are found 
beneath the squamous epithelium lining the free edge of the true 
vocal cords. Glands are present, however, beginning immediately 
at the squamocolumnar junction, both above and below the 
Squamous epithelium of the true cords. Occasionally, there are 
glands in the stroma of the true vocal cord, and glands may be 
present in the underlying vocalis muscle (Figure 16.16). 
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The fenestration in the elastic cartilage of the epiglottis are filled 
with abundant seromucinous glands. These glands penetrate 
completely through the cartilage and afford a ready path for the 
spread of supraglottic carcinoma. 


Figure 16.16 Seromucinous glands are occasionally located 
deep within the vocalis muscle. 


Figure 16.17 This seromucinous gland duct is associated with 
a large aggregate of metaplastic, nonkeratinizing squamous 


cells. 


Laryngeal biopsies, particularly from the region of the false cords, 
will often contain seromucinous gland ducts lined by squamous 
epithelium and located deep beneath the surface mucosa (Figure 
16.17). Because of tangential sectioning, these ducts may appear 
as seemingly isolated squamous nests. Distinction from infiltrating 
carcinoma should not be a problem in adequately prepared 
sections. However, changes of basal cell hyperplasia or dysplasia 
also can involve these ducts. Fortuitous sections of such ducts may 
then result in seemingly isolated nests of basaloid or overtly 
dysplastic epithelium that are much more likely to be mistaken for 
invasive carcinoma (Figure 16.18). 


Oncocytic metaplasia of ductal and acinar cells in the 
seromucinous glands of the larynx is a common, age-related 
change. Oncocytes are not seen in the seromucinous glands of 
individuals younger than 18 years of age, but oncocytes are 
present in these glands in approximately 80% of people over the 
age of 50 (15,16). Uncomplicated oncocytic metaplasia is 
asymptomatic; but, occasionally, oncocytic metaplasia may 
become cystic (Figure 16.19) and, if sufficiently large, produce 
symptoms. 


Figure 16.18 When ducts are involved with cytologically 
atypical squamous epithelium resembling surface dysplastic 
changes, they should not be misinterpreted as invasive 
carcinoma. In this example, the inner columnar cell lining is 
retained. 


Figure 16.19 Oncocytic transformation of seromucinous 
epithelium can result in cystic structures. 


The seromucinous glands of the larynx may also undergo infarction 
and associated squamous metaplasia (Figures 16.20,16.21). The 
resultant process, termed necrotizing sialometaplasia, is much 
more common in the oral cavity and probably results from a 
traumatic or spontaneous ischemic event (17). The islands of 
metaplastic cells may be mitotically active and exhibit mild-to- 
moderate nuclear atypia. Confusion with mucoepidermoid or 
Squamous cell carcinoma is common, particularly in frozen section 
specimens. At low-power magnification, the preservation of the 
acinar pattern, in association with infarction, inflammation, and 
extravasation of mucin, will aid in the correct diagnosis. 


Figure 16.20 This low-power example of necrotizing 
Sialometaplasia shows preservation of the pre-existing lobular 
architecture of the seromucinous glands. 


Figure 16.21 Higher magnification of necrotizing 
sialometaplasia shows replacement of the seromucinous 
lobules by aggregates of squamous cells with associated 
inflammation. 


If the external surface of the larynx is carefully sampled, it is not 
unusual to find microscopic islands of normal thyroid tissue within 
the fibrous capsule of the larynx and trachea, just external to the 
cricothyroid membrane (18). The thyroid follicles are small and 
appear normal, with well-formed colloid. Continuity with the main 
thyroid gland is not usually demonstrable (19). Less commonly, 
microscopic foci of thyroid tissue will be encountered internal to 
the cartilage of the larynx and trachea, usually at the junction of 
the cricoid cartilage and the first tracheal ring (18,20). These 
isolated foci of extrathyroidal thyroid tissue probably lose their 
connection to the main portion of the thyroid gland during 
embryologic development (18). Awareness of this phenomenon and 
attention to the microscopic features will avoid confusion with 
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invasive or metastatic thyroid carcinoma. 


The normal larynx contains at least two pairs of paraganglia. The 
Superior, Supraglottic paraganglia are sharply localized to the 
upper, anterior third of the false cords, in close approximation to 
the margin of the thyroid cartilage and the internal branch of the 
Superior laryngeal nerves (21,22). The paired inferior paraganglia 
are more variably situated and may be found between the thyroid 
and cricoid cartilages or just below the cricoid cartilage (21,22). 
They are closely associated with the inferior laryngeal nerves. 
Aberrant or ectopic paraganglia have been described in various 
sites throughout the larynx. Laryngeal paraganglia are minute, 
neuroendocrine structures (0.1a€“0.4 mm) of unknown physiologic 
activity. Their close association with neurovascular bundles 
Suggests chemoreceptor function, but this has not been proved. 
Laryngeal paraganglia presumably give rise to the rare 
paragangliomas of the larynx. 


The vocal process of the arytenoid cartilage is a normal structure 
that is occasionally encountered in biopsy specimens from the 
posterior portion of the true cord. It is a sharply circumscribed 
nodule of uniformly mature, elastic-type cartilage (Figure 16.22). 
Its elastic nature, demonstrable with appropriate elastin stains, 
allows distinction from cartilaginous neoplasms of the larynx, all of 
which are composed of hyalin-type cartilage. The sharp 
circumscription of the cartilaginous arytenoid process allows it to 
be differentiated from chondroid metaplasia of the vocal ligament. 
Chondroid metaplasia of the vocal cord is a common, usually 
asymptomatic, finding that typically affects the mid- and posterior 
portions of the vocal cord (23,24). The margins of the cartilage 
are blurred, and there is a peripheral zone of connective tissue 
that is rich in acid mucopolysaccharides (Figure 16.23) (24). The 
metaplastic nodules contain dense aggregates of elastic fibers 
throughout the lesion. The multilobular pattern, typical of 
cartilaginous neoplasms, is absent. Chondroid metaplasia can 
occur 
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in other soft tissues of the larynx, particularly in the region of the 
false cord. In one study, foci of chondroid metaplasia were found 
in 1 to 2% of larynges at autopsy (23). 


Figure 16.22 The vocal process of the arytenoid cartilage is a 
sharply circumscribed nodule of elastic-type cartilage. (From: 
Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


Figure 16.23 Chondroid metaplasia of the larynx has ill- 
defined margins. (From: 

Mills SE, Fechner RE. Pathology of the larynx. Atlas of Head 
and Neck Pathology Series. Chicago: American Society of 
Clinical Pathologists Press; 1985. 

) 


Neural, Vascular, and Lymphatic 
Components 


The intrinsic laryngeal muscles are innervated by branches of the 
vagus nerve. The cricothyroid muscle is supplied by the superior 
laryngeal branch of the vagus, and the remainder of the intrinsic 
musculature has been conventionally viewed as being innervated 
by the recurrent laryngeal branch of the vagus nerve. The terminal 
portion of the recurrent laryngeal nerve is referred to as the 
inferior laryngeal nerve (25). More recently, it has been shown 
that branches of the superior and recurrent laryngeal nerves form 
anastomoses, most commonly within the interarytenoid muscle but 


less consistently in the piriform sinus. Branches from the superior 
laryngeal nerve, referred to as the communicating nerve, may 
pass through the cricothyroid muscle to partially innervate the 
vocalis muscle (26,27). It has been suggested that the 
communicating nerve may be the nerve of the elusive fifth 
branchial arch (27). 


The lower portions of the larynx are supplied with blood from the 
inferior laryngeal artery, a small branch of the inferior thyroid 
artery that accompanies the inferior laryngeal nerve. The inferior 
laryngeal artery has anastomoses with the larger superior 
laryngeal artery, derived from the superior thyroid artery. The 
laryngeal arteries are accompanied by similarly named veins. The 
Superior laryngeal vein joins the superior thyroid vein and drains 
into the internal jugular vein (25). The inferior laryngeal vein joins 
the inferior thyroid vein. Numerous anastomoses across the front 
of the trachea between the left and right inferior laryngeal veins 
may lead to contralateral venous return (25). 


The lymphatics of the larynx tend to drain along with the 
vasculature. Therefore, supraglottic lymphatics drain superiorly, 
and subglottic lymphatics drain inferiorly (1,25). As discussed 
earlier, lymphatics are scarce in the glottis. Some of the laryngeal 
lymphatics end in very small lymph nodes on the thyrohyoid 
membrane, cricotracheal ligament, or superior trachea (25). These 
nodes, however, drain into the deep cervical nodes (25). 
Lymphatics in the supraglottic larynx are prominent and, typically, 
terminate in the anterior jugular chain (28). Subglottic lymphatics 
terminate in the midline pretracheal nodes or, less commonly, in 
the lower cervical lymph nodes (28). 


Pharynx 


Definition and Boundaries 


The pharynx has three functionally and structurally dispersed 
subpartsa€”the nasopharynx, oropharynx, and hypopharynx 
(Figure 16.24). The nasopharynx is the portion of the pharynx that 
lies above the soft palate. It has anterior, posterior, and lateral 
walls. The anterior wall is perforated by the posterior nares 
(choanae). The posterior wall is an arch that includes the roof of 
the nasopharynx, as well as the posterior portion against the base 
of the skull. The posterior wall extends inferiorly and, at the level 
of the horizontal projection of the soft palate, continues inferiorly 
as the posterior wall of the oropharynx. The anterior and posterior 
walls are connected by the lateral walls into which the eustachian 
(pharygotympanic, or auditory) tubes empty. 
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Figure 16.24 This sagittal section delineates the boundaries 
of the nasopharynx, oropharynx, and hypopharynx. 


The oropharynx lies between the soft palate and the tip of the 
epiglottis. By definition, its superior boundary is a_ horizontal 
projection of the soft palate. Anteriorly, it is bounded by the 
fauces or opening from the mouth and, below this, the posterior 
aspect of the dorsum of the tongue. The inferior margin of the 


anterior portion of the oropharynx is marked by the opening of the 
piriform recess at the level of the tip of the epiglottis. A horizontal 
projection posteriorly from this point, marks the posterior aspect 
of the inferior margin, which is continuous with the hypopharynx. 


The hypopharynx is the portion of the pharynx below the tip of the 
epiglottis and extending downward to the beginning of the 
esophagus. The hypopharynx is wide superiorly, but rapidly 
narrows as it approaches the level of the cricoid cartilage and 
becomes continuous with the esophagus. The hypopharynx 
partially surrounds the larynx laterally and is separated from it by 
the aryepiglottic folds. The latter extend from the upper posterior 
border of the larynx to the side of the epiglottis. The lateral 
extensions of the hypopharynx are called the piriform recesses or 
sinuses (25) (Figure 16.25). 


Embryology 


The embryologic pharynx is of endodermal derivation and, at its 
cephalic end, is in direct continuity with the ectoderm forming the 
stomodeum. Recent observations have 


suggested that the development of the roof of the pharynx is 
highly dependent on the closely adjacent notochord (29). The 
stomodeum and pharynx are separated by the buccopharyngeal 
membrane, which is lined on its external surface by ectoderm and 
internally by endoderm. At the end of the third week of 
embryologic development, the buccopharyngeal membrane 
ruptures, establishing contact between the stomodeum and the 
primitive pharyngeal portion of the foregut (29,30). Superiorly, 
the buccopharyngeal membrane corresponds to approximately the 
level of the nasal choanae. In the subsequent fifth through 
seventh weeks of gestation, the primitive nasal cavity forms and 
enlarges, with formation and later rupture of the bucconasal 
membrane, establishing the final connection between the nasal 
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cavity and pharynx (29). In the eighth through the tenth 
gestational weeks, the secondary palate develops behind the 
primary palate, ending the formation of the basic pharyngeal 
structures. At this point, however, the pharynx is proportionally 
quite small; and, after the tenth week of gestation, remarkable 
growth in this region occurs with enlargement of the pharynx and 
downward movement of the palate and tongue (29). 


Uvula 

Tongue 

Epiglottis 

Lateral glossoepiglottic 
fold 

Aryepiglottic fold 

Piriform recess (sinus) 


Thyroid cartilage 


Esophagus 


Figure 16.25 The piriform sinuses are a conduit between the 
oropharynx and the opening of the esophagus. They surround 
the larynx laterally. 


Thus, the lining of the nasal cavity and paranasal sinuses is of 
ectodermal origin and constitutes the so-called schneiderian 
membrane. The nasopharynx, oropharynx, and hypopharynx are, 
at least in large part, of endodermal origin. The sharp demarcation 
between endoderm and ectoderm at the level of the nasal cavity is 
of considerable practical importance. Certain neoplasms, such as 
angiofibromas and lymphoepitheliomas, are virtually confined to 


the endodermally derived nasopharynx. In contrast, schneiderian 
papillomas and intestinal-type adenocarcinomas arise from the 
ectodermally derived lining of the nasal cavity and paranasal 
sinuses; they do not occur in the nasopharynx. 


Gross Anatomy 


By nature of their boundaries and lack of resectability, the 
nasopharynx and oropharynx are practically never encountered as 
gross specimens. The roof of the nasopharynx is composed of 
mucosa overlying the basal portions of the sphenoid and occipital 
bones (25). The lateral and posterior walls of the nasopharynx are 
composed of the superior constrictor muscles and the 
pharyngobasilar fascia. The soft palate is the floor of the anterior 
portion of the nasopharynx: the only truly mobile portion of the 
nasopharynx (25). Although the opening between the nasopharynx 
and oropharynx is normally patent, the soft palate can be moved 
posteriorly and superiorly to completely separate the nasal and 
oral segments. This is important aS a component of proper speech 
and to keep food and water out of the nasal region during eating 
and drinking. 


The most important gross features of the nasopharynx 
encountered by pathologists are the pharyngeal tonsil, pharyngeal 
recess, and the eustachian tube openings. The pharyngeal tonsil, 
or adenoids, is a prominent, convoluted mass in the roof of the 
nasopharynx in children. (It typically atrophies in adults.) The 
pharyngeal recess, or RosenmAMller's fossa, is a mucosal-lined 
depression in the posterolateral portion of the nasopharynx. Just 
anterior to the recess, located in the lateral wall, is the ostium of 
the eustachian tube. This opening is surrounded on its superior 
and posterior aspects by mucosa-covered cartilage, the tubal 
torus, from the eustachian tube wall (25). 


The superior portion of the anterior oropharynx is bounded by the 
fauces, or opening of the mouth into the oropharynx. The lateral 


walls of the fauces are composed, on each side, of the two 
tonsillar pillars, between which lies the palatine tonsil in the 
tonsillar fossa. The anterior tonsillar pillar is the palatoglossal 
arch. This structure curves downward and forward, from the soft 
palate to the tongue. The posterior tonsillar pillar, or 
palatopharyngeal arch, extends downward from the posterolateral 
border of the soft palate laterally along the pharyngeal wall. Each 
of the arches contains a similarly named muscle (25). 


The palatine tonsil, more commonly referred to as simply the 
tonsil, varies tremendously in size, depending on its state of 
lymphoid reactivity. The surface of the tonsil is covered with 
epithelial-lined pits, the tonsillar crypts that pass into the 
underlying lymphoid tissue. Beneath the tonsil is the 
pharyngobasilar fascia, which sends branches of fibrous tissue into 
and around the tonsil, forming the so-called tonsillar capsule. 
Loose connective tissue between this capsule and the deeper 
Superior constrictor muscle forms a plane of cleavage that 
facilitates surgical removal (25). 


The parapharyngeal, or lateral pharyngeal, space is an important 
zone of loose connective tissue lying deep to the tonsil and lateral 
to the pharynx (Figure 16.26). This space is roughly pyramidal, 
with the base of the skull forming the base of the pyramid 
superiorly (18,25). Inferiorly, the apex 
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is formed by the attachment of the cervical fascia to the hyoid 
bone; medially is the superior constrictor muscle of the pharynx; 
and, laterally, the pterygoid lamina, inner surface of the 
mandibular ramus, and the deep lobe of the parotid gland (18). 
Contained within the parapharyngeal space are the internal carotid 
artery, internal jugular vein, cranial nerves IX to XII, the cervical 
sympathetic chain, vagal and carotid bodies, and multiple lymph 
nodes (18). Mass-producing lesions involving any of these 
structures may cause medial displacement of the tonsil and lateral 
pharyngeal wall. Tonsilar abscesses or other sources of infection 


may also involve and rapidly spread throughout this space. 
Posteriorly, the parapharyngeal space is in direct continuity with 
loose connective tissue behind the pharynx and anterior to the 
prevertebral fascia of the vertebral column (25). This has been 
referred to as the retropharyngeal space (Figure 16.26). 
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Figure 16.26 The parapharyngeal space lies deep to the tonsil 
and contains several vital structures. It is in continuity, 
posteriorly, with the retropharyngeal space. 


Inferior to the fauces, the oropharynx is bounded anteriorly by the 
posterior aspect of the immobile portion of the tongue. The base 
of the tongue contains abundant submucosal lymphoid tissue that 
constitutes the lingual tonsil. Along with the palatine and 
pharyngeal tonsils, this structure forms an oblique wreath of 
lymphoid tissue that encompasses the oropharynx and 
nasopharynx and is often referred to as Waldeyer's ring. 


The most important structures in the hypopharynx are the piriform 
sinuses (Figure 16.25). These elongated, pear-shaped gutters 
extend laterally along both sides of the larynx, and posteriorly 
from the pharyngoepiglottic fold to the opening of the esophagus 


(28). Laterally, the piriform sinus lies against the thyroid cartilage. 
Medially, it is Separated from the laryngeal ventricle by a thin 
layer of muscles derived from the aryepiglottic fold and the 
opening of the esophagus (28). Just posterior and lateral to the 
piriform sinus is the common carotid artery. Because of their close 
association, tumors arising in the hypopharynx often invade the 
larynx secondarily. These tumors should be distinguished from 
primary laryngeal neoplasms because of their poorer prognosis. 


Microscopic Anatomy 


The nasopharyngeal mucosa in the adult has a surface area of 
about 50 cm2. Most of it is lined by stratified squamous 
epithelium, and about 40% is covered by respiratory-type, 
columnar epithelium (31). Squamous epithelium predominantly 
lines the lower portion of the anterior and posterior 
nasopharyngeal walls, as well as the anterior half of the lateral 
walls. Ciliated respiratory epithelium predominantly carpets the 
region of the posterior nares (choanae) and the roof of the 
posterior wall. The remainder of the nasopharynx, including the 
posterior lateral walls and the middle-third of the posterior wall, 
has alternating islands of squamous and respiratory epithelium. 


The junction between squamous and respiratory epithelium may be 
sharp, or there may be zones of transitional or intermediate 
epithelium as previously described in the larynx. We prefer the 
term intermediate epithelium, as opposed to transitional 
epithelium, because these cells lack the ultrastructural features of 
urinary tract epithelium. Intermediate epithelium primarily forms a 
wavy ring at the junction of the nasopharynx and oropharynx. The 
intermediate cells may be basaloid with minimal cytoplasm, and 
they typically have a cuboidal or round configuration. As discussed 
under the larynx, biopsy specimens containing intermediate 
epithelium must not be overly interpreted as areas of dysplasia or 
carcinoma in situ. This is most likely to be a problem when this 


zone is encountered in a frozen section. 


In addition to the pharyngeal tonsil, less-prominent collections of 
lymphoid follicles may be present submucosally throughout the 
nasopharynx (Figure 16.27). These follicles are particularly 
abundant in the rim of the eustachian tube opening (Gerlach's, or 
tubal, tonsil), but they are also 
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present under mucosa of the lateral and posterior walls of the 
nasopharynx, as well as on the nasopharyngeal surface of the soft 
palate (28). Thus, a submucosal follicular lymphoid infiltrate is 
normal in nasopharyngeal biopsies and should not be 
overinterpreted as a pathologic inflammatory process. 


Figure 16.27 Submucosal lymphoid aggregates are present 
normally throughout the nasopharynx and should not be overly 
interpreted as severe chronic inflammation. 


Throughout the nasopharynx, there are numerous submucosal 
seromucinous glands that produce predominantly mucin. These 
glands are particularly numerous in the region of the eustachian 


tube opening. As with the laryngeal seromucinous glands, 
oncocytic metaplasia in the glandular and ductal epithelium 
becomes increasingly frequent with advancing age (32,33). 


The anterior portion of the pituitary gland forms from an 
intracranial invagination of epithelium in the form of Rathke's 
pouch. Microscopic remnants of Rathke's pouch epithelium are 
present in the roof of the nasopharynx in 95 to 100% of 
individuals (34,35,36). In most instances, this so-called 
pharyngeal pituitary is located in the midline, in the region of the 
vomerosphenoidal articulation. The nests of epithelial cells 
measure 0.2 mm to approximately 6 mm in greatest dimension. 
They are located deep in the mucosa or in the underlying 
periosteum (34). Most of the epithelial cells appear 
undifferentiated, but occasional basophilic and eosinophilic cells 
may be present (Figure 16.28). Although it is not entirely clear, 
the pharyngeal pituitary may not have any physiologic function. 
Most pituitary adenomas that involve the nasopharynx reach this 
location by invasion from the pituitary fossa. Occasionally, 
however, apparently ectopic pituitary adenomas present in the 
nasopharynx, and it is tempting to speculate that such lesions 
arise from the pharyngeal pituitary (37,38). 


The pharyngeal bursa is a normal embryonic structure situated 
posterior to Rathke's pouch. Remnants of this bursa may be found 
in approximately 3% of normal adults (39,40). Cysts derived from 
this structure may be found in all ages, occasionally as an 
incidental finding, and occur in the regions of the adenoid (41). 
The cysts are separated from the adenoid by a fibrous membrane 
and will not be removed with routine adenoidectomy specimens 
(Figure 16.29) (10). The median pharyngeal recess is a shallow 
depression formed normally in association with the pharyngeal 
tonsil. Unlike cysts derived from the pharyngeal bursa, those 
formed from the median pharyngeal recess are located within the 
adenoid and will be removed with it (10). 


Figure 16.28 Nests of ectopic pituitary cells present in the 
superior portion of the nasopharynx. 


Figure 16.29 Nasopharyngeal cysts are rimmed by fibrous 
tissue and lined by ciliated columnar epithelium. 


The cranial end of the embryonic notochord is closely associated 
with the roof of the developing nasopharynx (42). Although most 
of the notochord degenerates during embryonic and fetal 
development, notochordal remnants have been demonstrated in 
the submucosa of the nasopharynx and other closely adjacent 
locations (10,43). Most chordomas involving the nasopharynx are 
downgrowths of cranio-occipital tumors, but rare primary 
nasopharyngeal tumors presumably arise from these 
nasopharyngeal notochord remnants (42,43). 


Both the oropharynx and hypopharynx are lined continuously by 
Stratified squamous epithelium. This mucus is typically 
nonkeratinizing, although areas of parakeratin or orthokeratin may 
be seen secondary to chronic irritation. As in the nasopharynx, the 
submucosa of the oropharynx and hypopharynx contains scattered 
lymphoid aggregates, as well as prominent submucosal 
seromucinous glands. 


The stratified squamous epithelium covering the tonsils extends 
into the tonsillar crypts for considerable distances. As these cords 
of epithelium merge with the underlying lymphoid tissue, the 
epithelial cells assume a more basaloid appearance and have 
uniform but vesicular nuclei. The junction between the lymphoid 
cells and the islands of squamous cells is often blurred (Figure 
16.30). Apparently isolated, irregular nests of basaloid, focally 
keratinized squamous cells, often with vesicular nuclei, are 
common deep within the tonsil (Figure 16.31), and such nests 
must not be confused with carcinoma. Attention to the low-power 
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architecture will confirm that these nests are closely approximated 
to tonsillar crypts and are a normal finding. 


Figure 16.30 The junction between lymphoid tissue and the 
squamous cells lining the tonsillar crypts is often blurred. 


Occasionally, islands of metaplastic cartilage and bone are 
encountered within or immediately adjacent to the tonsils (18,44). 
This presumably represents a secondary, reactive change to prior 
inflammation. Eggston and Wolff (44) described this change in 
about one-fifth of all resected tonsils. These authors noted that 
patients with this change had an average age of 24 years and, 
therefore, were older than most individuals undergoing 
tonsillectomy (44). 


Neural, Vascular, and Lymphatic 
Components 


The nerves supplying the constrictor muscles of the phaynrx, the 
stylopharyngeus muscle, and the muscles of the soft palate are 
derived almost entirely from the pharyngeal plexus. The latter 
structure is formed by the union of the pharyngeal branches of the 


glossopharyngeal and vagus nerves. The inferior constrictor 
muscle may receive a portion of its innervation from the external 
laryngeal nerve, a separate branch of the vagus that primarily 
Supplies the larynx (25). 


Figure 16.31 Irregular nests of epithelium are frequently 
present deep within the tonsil. These are closely approximated 
to tonsillar crypts and are a normal finding not to be 
misinterpreted as carcinoma. 


The blood supply to the superior portion of the pharynx is from the 
ascending pharyngeal artery, which runs upward along the 
posterior lateral wall of the pharynx (25) (Figure 16.32). The 
inferior portion of the pharynx is supplied by branches from the 
Superior and inferior thyroid arteries. The veins draining the 
pharynx merge posteriorly to form the pharyngeal plexus, which in 
turn drains at irregular intervals into the pterygoid plexus and the 
Superior and inferior thyroid veins (25). 


The lymphatics from the roof and posterior wall of the 
nasopharynx join in the midline, and pass through the pharyngeal 


fascia. They then split to the right or left retropharyngeal lymph 
nodes. Some of the nasopharyngeal lymphatics terminate in the 


highest lymph nodes of the internal jugular and spinal chains (28). 


Most of the 


lymphatics from the soft palate converge at a group of lymph 
nodes located below the anterior belly of the digastric muscle, 
immediately in front of the jugular chain (28). Lymphatics from 
the tonsil pass through the lateral wall of the pharynx and 
terminate in subdigastric nodes located anterior to the jugular 


chain (28). The hypopharynx is rich in lymphatics. These converge 


at an orifice in the thyrohyoid membrane, through which also 
passes the superior laryngeal artery. After exiting the thyrohyoid 
membrane, the lymphatics ramify into several trunks that 
terminate in lymph nodes of the internal jugular chain (28). 
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Figure 16.32 Posterior view of the pharynx with emphasis on 
vascular and neural components. 
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Introduction 


The primary function of the salivary glands is to moisten the mucous 
membranes of the upper aerodigestive tract. In humans, this function 
is fulfilled by the continuous exocrine secretion of numerous minor 
Salivary glands. These glands are located in the submucosa throughout 
the oral cavity, pharynx, and upper airways. In developed species, 
most of the saliva is elaborated by three pairs of major glands, or 
Salivary glands, named by their location: the parotid, the submaxillary 
or submandibular, and the sublingual glands. They are connected 
symmetrically to the oral cavity, where they empty their secretion only 
under specific stimuli. The saliva produced by these glands 
(750a€“1000 mL/24 hours) plays an important role in preparing food 
for digestion, as well as in controlling the bacterial flora of the mouth. 
The quality of the saliva produced by the major glands is variable and 
depends on both the stimuli and the predominant participating gland. 


Embryologic and Postnatal 


Developmental Changes 


Parotid Gland 


During embryologic life, the parotid is the first of the three major 
glands to appear and is seen by the sixth week. It derives from the 
ectoderm as an epithelial bud from the primitive oral epithelium, at 
the angle between the maxillary 
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process and the mandibular arch (1 ). As the primordia grow, they 
ramify into a bushlike system surrounded by mesenchymal tissue. This 
mesenchyma and, particularly, the basal lamina play an important role 
in the lobular organization of the gland (2 ,3 ,4 ,5 ), and in vascular 
and neural development. By the seventh week, the primitive gland 
moves in a dorsal and lateral direction and reaches the preauricular 
region. Development of the facial nerve divides the gland by 
approximately the tenth week into superficial and deep portions (6 ). 


By the third month, the gland has attained its general pattern of 
organization. The epithelial structures are arranged in lobules, limited 
by a capsule of loose connective tissue (Figure 17.1A ). The 
mesenchyma is then colonized by numerous lymphocytes that are later 
disposed in intraglandular and extraglandular lymph nodes. By the 
sixth month, the epithelial cordons are canalized and exhibit a double- 
cell ciliated cover. Cell differentiation begins in the excretory ducts 
with the progressive transformation of ciliated cells by columnar, 
Squamous, and goblet cells (Figure 17.1B ) (7 ). Intralobular duct and 
acinar differentiation, including myoepithelial cell formation, begins 
about the eighth month (8 ) and myoepithelial cell differentation by 
the nineteenth- to twenty-fourtha€“week period. These cells, arranged 
in the basal portions of the acini and intercalated ducts, appear as 
clear cells with electron microscopy. Between 25 and 32 weeks, the 
myoepithelial cells become flattened and show cytoplasmal 
prolongations (9 ,10 ,11 ). Saliva production starts as a mucinous 
liquid at this time; but several studies in rodents suggest that full 


maturation is completed only after birth (12 ,13 ,14 ,15 ). 
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Figure 17.1 Development and histogenesis of the epithelial 
constituents of the salivary gland. A. Fetal parotid gland at 4 months; 
a lobular architecture is present. B. Drawing of (A), showing the 
cellular lines of differentiation for the excretory ducts, (1 ); excretory 
ducts, (2 ); intralobular ducts, (3 ); and acini. 


The definitive location of the parotid is behind the inferior facial nerve 
maxillary branch, below and in front of the external ear. It is enclosed 
within a fibroadipose capsule in a depression whose anterior limit is 
the masseter muscle. Its superior limit is the zygomatic arch; the 
posterior limit is the tragus, and the inferior limit is the anterior 
border of the sternocleidomastoid muscle (16 ). The adult parotid is 


the largest of the three major salivary glands and weighs between 14 
and 28 g. The gland is surrounded by a fine capsule and is divided into 
two portions by the facial nerve. The main portion, or superficial lobe, 
is flattened and quadrilateral; it is here that the majority of salivary 
tumors develop. This observation has permitted the development of 
conservative surgical treatment of many parotid tumors. The rest of 
the gland, called the deep lobe, is irregularly wedge-shaped in 
anatomic relationship with the parapharyngeal space (17 ). 
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The surgical anatomic area where the parotid gland is located, is 
called the parotid region. In this region it is important to keep in mind 
the anatomical relations between the facial nerve, the gland, and the 
subcutaneous planes. The facial nerve has four parts, designated as 
retro-, inter-, intra-, and preglandular. The parotid gland is covered by 
a superficial musculoaponeurosis and the skin (18 ). Accessory parotid 
tissue is found in approximately 20% of cases. Nevertheless, in a 
recent study, the incidence was found to be 56% with no differences 
between right and left sides or between sexes (19 ). This accessory 
tissue may be found on the anterior surface of the gland, as well as 
along the parotid duct (20 ). 


Like all the exocrine glands, the parotid is composed of numerous 
tubuloacinar units connected through the excretory ducts to a main 
duct (Stensen's duct) located in the anterior portion of the gland. The 
parotid duct follows a twisted course of 7 cm, crossing the masseter 
muscle, the corpus adiposum of the cheek, and the buccinator muscle 
before opening into the oral vestibule. The secretion of the accessory 
parotid is emptied by an independent duct reaching the parotid duct in 
the masseter portion. 


Blood supply is by arterial branches from the external carotid. The 
veins are tributaries of the external jugular, and the lymphatics join 
the superficial and deep cervical lymph nodes. Innervation is derived 
from the sympathetic and auriculotemporal nerves. 


Submaxillary Gland 


In the submaxillary gland, the primordia appear at the end of the sixth 
week and, unlike the parotid, are probably of endodermal derivation 
(21,22 ). However, a recent study suggests that the sublingual 
process of the submandibular gland originates from a lateral 
ectodermal bud of the anlage of the submandibular gland (23 ). The 
epithelial bud appears in the groove between the lower jaw and 
tongue, at one side of the midplane. Extension of the glandular tissue 
in the mesenchyma goes backward beneath the lower jaw. Subsequent 
maturation and cell differentiation are similar to those of the parotid 
gland except for the lymphoid tissue, which is less obvious than in the 
parotid. In addition, there is no lymph node formation inside the 
gland. Recent studies have demonstrated that the extracellular matrix 
protein fibronectin is essential for cleft formation during the initiation 
of epithelial branching in submaxillary gland. It has also been 
demonstrated that inhibition of fibronectin blocks cleft formation and 
branching (24 ,25 ). This mechanism could be applied for other 
salivary glands and other exocrine glands (such as the mammary 
glands). 


The submaxillary gland is finely encapsulated; it lies inside the 
submandibular triangle, an osteofibrous cavity from which it takes the 
form of a triangular prism. This gland weighs approximately 7 to 8 g 
and, like the other major salivary glands, is organized in lobules 
connected to a main excretory ducta€”the submaxillary duct 
(Wharton's duct)a€”which measures 5 cm in length and 2 to 3 mm in 
diameter. The duct originates near the surface; runs between the 
mylohyoideus, the hyoglossus, and genioglossus muscles; and finally 
opens through a narrow orifice in a small papilla called the caruncula 
sublingualis on each side of the frenulum linguae. A submandibular 
gland having three ducts that open separately into the oral cavity has 
also been reported (26 ). The blood supply is from branches of the 
facial and sublingual arteries. The secretomotor nerves are fibers from 
the cranial parasympathetic branch of the facial nerve; the vasomotor 


nerves are derived from the superior cervical ganglion. The lymph 
nodes are arranged in a row in the spaces between the mandible and 
the gland and are disposed in anterior, medial, and posterior groups 
(16,17). 


Sublingual Gland 


The sublingual glands are the last of the three major salivary glands to 
appear. Their primordia are located immediately lateral to the 
submaxillary glands for the greater sublingual glands and in the 
linguogingival sulcus for the lesser sublingual glands. The epithelial 
buds grow downward from the groove between the lower jaw and the 
tongue. Parenchymal organization and differentiation are similar to 
those of the submaxillary gland and are also probably of endodermal 
derivation. 


The principal sublingual gland weighs 3 g. It lies in the sublingual 
fossa of the mandible and is surrounded by loose connective tissue. Its 
secretion is drained through a main duct called the Bartholin's duct, 
which opens into the submandibular duct, and various small ducts 
(Rivinus' ducts) that open separately into the mouth in the plica 
sublingualis or join the submandibular duct (16 ,17 ). 


Vascular supplies come from the sublingual and submental arteries; 
the veins are tributaries of the external jugular. Innervation is similar 
to that of the submaxillary gland. 


Apoptosis 


In the literature, studies concerning apoptosis in salivary glands are 
not very frequent. Contrary to other glandular tissue, programmed cell 
death in the salivary glands has been sporadically studied in less- 
developed and developed species, using experimental animals such as 
rats or monkeys and, less frequently, humans (27 ,28 ,29 ). 


In normal salivary glands, apoptosis was uncommon when observed in 
acinar cells and epithelial duct cells and never observed in 


myoepithelial cells. In specific pathologic contexts, such as duct 
obstruction or irradiation of the salivary glands, programmed cell 
death was observed with 
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many significant changes in the structure of the glands (30 ,31 ). In 
some salivary gland diseases, such as SjAfigren's syndrome, 
accelerated apoptosis may explain acinar and ductal cell loss with the 
typical functional loss of the secretory activity seen in patients with 
this disease. 


In experimental models, apoptosis is regulated by two kinds of protein 
families, bcl-2-related proteins and the inhibitor of apoptosis proteins 
(IAP). Activation of caspase-3 is inhibited by bcl-2 or Bcl-XL and 
accelerated by Bax. In addition, an X chromosomea€“linked inhibitor 
of apoptosis called XIAP inhibits caspase-3 activation. Several gene 
products induce apoptosis in salivary gland diseases (32 ,33 ,34).A 
particular focus has been put on the expression of Fas (CD95) and its 
ligand FasL (CD95L), which are members of the TNF (tumor necrosis 
factor) receptors superfamily. In SjA™lgren syndrome, contradictory 
results have been found so the importance of apoptosis in epithelial 
cell loss in these patients remains speculative (35 ,36 ,37 ). 


Duct obstruction due to calculi or strictures induces salivary gland 
atrophy. Histologically, the disappearance of acinar cells within the 
presence of groups of ductlike structures in a fibrous and inflammatory 
stroma was observed. The acinar cells had disappeared by apoptosis; 
this acinar cell death was observed a few hours after duct obstruction. 
In the first cell death, a few days after duct obstruction, the number of 
intraepithelial macrophages located in the acinar and duct epithelium 
of a normal salivary gland multiplied. These macrophages removed the 
dying cells and apoptotic cellular fragments by phagocytosis, and then 
they migrated to the interstitium. Simultaneous proliferation of duct 
epithelial cells by an increase in mitosis contributed to the groups of 
ductlike structures with some features of squamous metaplasia. 
Myoepithelial cells became more prominent at the periphery of residual 
ducts. According to many experimental studies, myoepithelial cells 


become more prominent as the epithelial cell loss increases, and no 
myoepithelial cell apoptosis has been observed (38 ,39 ,40 ,41 ,42 ,43 
,44 ,45 ). 


Irradiation of the major salivary glands is unavoidable during 
radiotherapy for many head and neck cancers. In fact, radiotherapy 
induced dryness of the oral cavity, contributing to deterioration of oral 
mucosa and loss of teeth. 


The death of salivary gland acinar cells by apoptosis was observed 
within 24 hours after irradiation. This mode of cell death occurs with 
relatively low doses of radiation. An acute inflammatory response 
located among the destroyed acini was observed. 


In normal adult salivary glands, cell division is infrequent in the acini. 
Development and replenishment of acini destroyed by low doses of 
radiation comes from stem cells that are located in the terminal 
intralobular ducts. It is possible that radiation-induced apoptosis of 
acinar cells could be a stimulus for replication of duct stem cells. 
However, the death of the ductal stem cells by high-dose radiation did 
not induce complete regeneration of the destroyed acini and resulted 
in atrophy of the salivary glands (46 ). 


Figure 17.2 Serous-type acini of a parotid gland, with dense 
secretory granules. 


a 


Light Microscopy 


The salivary glands are compound exocrine tubuloacinar glands 
characterized by the aggregation of numerous secretory units. These 
units consist of acini, where secretion is produced, and a duct system 
that carries the secretion to the oral cavity and regulates the 
concentration of water and electrolytes. There are three types of 
salivary secretory units: the serous ones that contain amylase; the 
mucous ones that secrete sialomucins; and mixed units made up of 
mucous and serous cells. According to the predominance of these 
types of secretory units, the salivary glands may be classified into 
three categories: serous, mucous, and mixed glands. 


With the exception of some mucous units, the parotid gland is of the 
serous type (Figure 17.2 ). The submaxillary and the sublingual glands 
are mixed, with a predominance of serous units in the submaxillary 


glands (Figure 17.3 ) and 


a mucous predominance in the sublingual glands (Figure 17.4 ). Mixed 
secretory units can be found in accessory parotid glands (19 ). 


Figure 17.3 Histologic section of a submaxillary gland. In mixed units 
(arrows ), serous cells are grouped in a crescent-shaped formation on 
the periphery of the acini, whereas the mucous cells (m ) are in direct 
contact with the duct system. 


Figure 17.4 Mucous-type acini of the sublingual gland; they are larger 
and more irregular than the serous and mixed types. Note an 
inconspicuous duct system. 


The lobular architecture of the glands is well defined by the 
anastomosed connective tissue trabeculae carrying the vascular and 
neural branches, as well as by the excretory ducts. 


Secretory Units 


Acini 

Serous acini consist of pear-shaped groups of epithelial cells 
surrounded by a distinct basement membrane. The epithelial cells have 
a basal nucleus and dense cytoplasm packed with basophilic [periodic 
acid-Schiff (PAS)-positive] zymogen granules. They vary in number, 
depending on the different phases of the secretory cycle (Figure 17.2 ) 
(46 ). The primary enzyme present in the zymogen granules is 


amylase, or /+a€“amylase, which splits starch into smaller water- 
soluble carbohydrates. However, there are other proteins in these 
granules, including agglutinin, proline-rich proteins, and histatins (47 
). Other enzymes, such as nonspecific antibacterial lysozyme, 
lactoferrin, trypsin- and chymotrypsin-like proteases, lysine 
endopeptidase, and histidine peptidase, also have been shown in the 
cytoplasm of acinar cells (47 ,48 ,49 ,50 ,51 ). Each acinus has a 
central lumen, rarely visible by light microscopy, through which the 
secretion drains into the intercalated ducts. The excretion seems to be 
promoted by the contraction of myoepithelial cells that lie between the 
outer surface of the acinus and the basement membrane. (Given the 
importance of myoepithelial cells in the pathology of salivary glands, a 
separate section, below, is devoted to their description.) 


Mucous acini are larger than the serous type and have an irregular 
pattern (Figure 17.4 ). The secretory cells have abundant cytoplasm 
filled with clear mucous substance. They contain acid sialomucins 
(Alcian blue and mucicarmine-positive) and neutral sialmucins (PAS- 
positive) in different concentrations (52 ). The characteristics of these 
Sialomucins also differ between submandibular and sublingual glands 
(53). 


Mixed acini (Figure 17.3 ) are typically found in the submaxillary 
gland. These structures are characterized by the concentration of 
mucous cells near the intercalated duct and bordered by a crescent- 
shaped formation of serous cells. In mixed acini, the serous cells are 
more or less conspicuous, according to the amount of secretion 
accumulated in the mucous cells. 


Ducts 


A peculiar duct system transports the saliva from the gland to the oral 
cavity and modifies its water and electrolyte concentration. The first 
two segments, the intercalated and the striated ducts, are intralobular 
(Figure 17.5 ). They are also known as secretory ducts because of 
their metabolic activity (54 ). The other segments are interlobular and 


are called excretory ducts (54 ). 


The intercalated duct lies directly in contact with the acinus. It is lined 
with a single layer of cuboidal epithelium and an irregular layer of 
myoepithelial cells. The epithelial cells show a progressive 
transformation between the secretory and ductal cells and a strong 
cytoplasmic activity of lactoferrin and lysozyme (55 ). The lengths of 
the intercalated ducts are variable in the three major glands (Figure 
17.6 ). In the parotid gland, because they are relatively long, they are 
easy to recognize in the histologic sections (Figure 17.5A ). In 
contrast, they are short in the submaxillary gland and hardly visible in 
the sublingual gland (Figure 17.4 ). Some authors have found 
undifferentiated cells on the basal side of the intercalated and striated 
ducts (56 ). These cells are positive for cytokeratins 13 and 16 on 
immunohistochemical staining (57 ,58 ). 


The striated ducts are obvious in routine sections, particularly in the 
submaxillary gland, where they are relatively longer (Figures 17.3, 
17.6 ). The epithelial lining is simple columnar. On the basal side, it 
has characteristic parallel striations caused by the deep cell membrane 
invaginations and mitochondria (Figure 17.5B ). This structure 
represents a specialized surface on the epithelia involved in the 
transport of water and electrolytes. The numerous mitochondria are 
correlated with the strong eosinophilia of the duct. Various enzymes 
such as adenosine triphosphatase (ATPase), succinyl dehydrogenase, 
and carbonic anhydrase (59 ) are present in the cytoplasm of the 
Striated ducts and provide them with a metabolic and energy system 
capable of concentrating some of the elements present in the saliva. 


Figure 17.5 Parotid intralobular ducts. A. The intercalated ducts 
(arrows ) (sectioned longitudinally) lie in contact with the acinus. B. 
The striated ducts (sectioned transversely) are lined with a columnar 
epithelium of basal-striated appearance. 


P.450 
The striated ducts are connected with the interlobular ducts located in 
the septal connective tissue. These ducts are lined with a columnar 
pseudostratified epithelium with sparse goblet cells (Figure 17.7 ). 
They become progressively larger before joining the principal duct. 
The principal function of interlobular ducts is to transport saliva, but 
their role in regeneration is proposed by means of the hypothetical 
undifferentiated pluripotential cells. In theory, these cells may follow 
the same cellular lines as in embryonic development (Figure 17.1B ) 
and are perhaps implicated in the metaplastic and neoplastic 
alterations of salivary glands (60 ), which are more frequent in these 
ducts. 


The principal duct consists of a thick external fibrous coat of collagen 
(similar to dermal collagen) and elastic fiber bundles. The epithelium 
is pseudostratified columnar and becomes squamous and stratified 
near the opening in the mucous membrane (Figure 17.8 ). 
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Figure 17.6 The morphology of the major salivary glands is 
characterized by three types of secretory unit. In the parotid (A ) the 
intercalated duct (I ) is longer than in the submaxillary (B ) and 
sublingual glands (C ). In contrast, the striated duct (S ) is longer in 
the submaxillary gland. Sebaceous glands are more frequent in the 
parotid gland; in the sublingual gland. the intralobular ducts are 
inconspicuous. 


Ultrastructure 


At the electron microscopy level, the serous cells show all the 
characteristics of a specialized cell for secretion and export of 
proteins. The cytoplasm possesses abundant endoplasmic reticulum, 
Golgi vesicles, mitochondria, lipid droplets, and secretory granules 
(Figure 17.9 ). The last are more common on the apical side of the 
cell. They consist of a membrane, which encloses the secretion, and a 
matrix of low-electron density and homogeneous aspect in immature 
granules and high-electron density in mature granules (61 ,62 ). The 
electron density of the granules differs according to the package of the 
different proteins within the same granule (46 ). All the cytoplasmic 
organelles increase during protein synthesis and decrease during 
discharge (59 ). The basal surface of the cell shows numerous folds of 


plasma and basal membranes. They cover the entire cell base and 
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extend beyond the lateral margins in the manner of foot processes. 
Therefore, the basal surface of the cell is greatly expanded, facilitating 
diffusion of materials into the cell (59 ). Most of the cytoplasm in 
mucous cells is occupied by mucous vacuoles and Golgi apparatus. 
Only a small basal and lateral portion of the cytoplasm contains 
endoplasmic reticulum and mitochondria (63 ). 


Figure 17.7 Interlobular duct adjacent to vessels in the septal 
connective tissue. 


Figure 17.8 Main excretory duct in the caruncula sublingualis. Near 
the oral surface, the duct is lined with a squamous stratified 
epithelium. 


At the apical pole, the secretory cells are joined by an adhesive zone, 
whereas the basal side is adhered by desmosomes (62 ). Between the 
junctions, virtual spaces form the secretory capillaries, which are in 
continuation with the acinar lumen. Numerous microvilli protrude into 
the capillary lumen (Figure 17.9 ). 


The cytoplasm of myoepithelial cells may be separated into two 
portions (61 ): one, in contact with the basal lamina, is occupied by 
myofilaments and pinocytotic vesicles; the other portion is in contact 
with the secretory cell and contains mitochondria, endoplasmic 
reticulum, lysosome-like complexes, and Golgi vesicles. The 
visualization of myofilaments may vary in different myoepithelial cells; 
some of them have only focal aggregates of myofilaments, while 
others show a typical basal distribution resembling 
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smooth muscle cells (62 ). The junction between myoepithelial and 


secretory cells is ensured by desmosomes. 


Figure 17.9 A. Ultrastructure of a parotid acinus: lumen (L ), 
secretory granules (SG ), lipid droplets (LD ), secretory capillaries (SC 
), and myoepithelial cell (MC ) (A—6000). B. Drawing of an acinar cell. 


intercalated 
duct cell 


Figure 17.10 A. Intercalated duct of parotid gland. Some secretory 
granules (SG ) and secretory capillaries (SC ) are present on the apical 


side. On the external surface, myoepithelial cell prolongations (MC ) 
are found (A—10,300).B. Drawing of an intercalated ductal cell. 


Transition from acinus to intercalated duct is gradual. In the latter, 
epithelial cells have relatively large nuclei and few cytoplasmic 
organelles, consisting principally of mitochondria, some cisternae of 
endoplasmic reticulum, lipid droplets, and a few apical secretory 
granules (54 ,58 ) (Figure 17.10 ). Scattered secretory capillaries may 
be found, as well. On the external surface, myoepithelial cell 
prolongations are usually present. 


The striated ducts (Figure 17.11 ) are composed of tall cylindrical cells 
with central nuclei. On the basal side, the cell membrane is 

extensively folded into fingerlike structures. The space between these 
folds is occupied by vertically oriented mitochondria. This cytoplasmic 
organization is specialized in the active transport of water and 
electrolytes from the vascular system to the lumen of the duct; the 
rest of the cytoplasm contains mitochondria and scattered endoplasmic 
reticulum (63 ,64 ,65 ). 


Striated 
duct cell 


Figure 17.11 A. Striated duct cells possess vertically oriented 


mitochondria and extensively folded plasma membrane; the basal side 
is in close relationship to the blood capillary (A—7920). B. Drawing of 
a striated duct cell. 


Sebaceous Glands 


In 1931, Hamperl (66 ) described the presence of sebaceous glands 
histologically similar to those of the cutaneous adnexa. Other authors 
have indeed recognized such structures, which appear as isolated cells 
in the wall of either an intercalated or a striated duct (Figure 17.12A ) 
(67 ,68 ,69 ,70 ). Larger cell accumulations form a sebaceous gland 
limited by a well-defined basal membrane (Figure 17.12Ba€“C ). They 
vary in size, have a diverticular aspect, and are permanently linked to 
an interlobular duct. At the periphery of the gland, the cells are 
flattened with round or oval nuclei. The central cells have an abundant 
vacuolated cytoplasm rich in lipids, which may be stained, in frozen 
sections, with fat colorations (Sudan III and IV, oil red O, osmic acid). 
The nuclei become irregular or pyknotic and finally disappear. When 
the gland reaches a certain size, the holocrine-type secretion is 
emptied into the ductal system and is mixed with the saliva (Figure 
17.12D ). 
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Figure 17.12 Sebaceous elements in a parotid gland. A. Isolated 
sebaceous cells can be seen in the duct wall (arrow ). They proliferate 
to form a well-defined gland (B, C ); secretion is present in the lumen 
of the duct (D ) (arrows ). E. Drawing illustrates the previous 
features. 


The number of sebaceous glands in major salivary glands varies; they 
are common in the parotid gland, rare in the submaxillary gland, and 
probably absent in the sublingual gland. They are diffusely scattered 
throughout the parenchyma, where their numbers also vary greatly. 
Their presence or absence in the different lobules is not related to 
either age or sex (70 ). 


In a review of 100 parotid glands selected at random from our 
material, we found sebaceous glands in 42% of cases. They were also 
found in 5% of 100 submaxillary glands. These findings are in 
agreement with other authors. Thus, we conclude that their incidence 
in the parotid gland is more frequent than imagined. The more 
sections that are examined, the more sebaceous glands are found; it 
is, therefore, merely a question of looking for them. If the entire 
parotid gland were examined meticulously, it would be difficult not to 
find a sebaceous gland (69 ). 


The presence of sebaceous glands in the salivary tissue has not been 
satisfactorily explained. A heterotopic phenomenon (67 ,68 ) similar to 
the occurrence of sebaceous glands in the oral mucosa (Fordyce's 
disease) seems unlikely. In the mouth, this condition may result from 
aberrant buds along the fetal line of closure (70 ,71 ,72 ); but in the 
parotid and submaxillary glands, there are no lines of closure. 
Metaplasia (66,70 ) beginning in the ducts does not explain the high 
frequency of sebaceous glands in parotid parenchyma. Therefore, it 
seems reasonable to consider the sebaceous glands as a normal 
holocrine differentiation. Their occurrence in the parotid gland appears 
to be related to a specific function that is not yet understood. 
Sebaceous glands analogous to those of the salivary glands have been 
found in the oral mucosa. In the oral mucosa, androgen receptors 
participate in the histogenesis of sebaceous glands (73 ,74 ). A similar 
mechanism may be proposed for the histogenesis of sebaceous glands 
in salivary glands. 


The belief that a potential for sebaceous differentiation exists in the 
Salivary parenchyma is further supported by the fact that salivary 


tumors or tumorlike conditions with a sebaceous character or 
sebaceous gland participation have been described. These rare lesions 
include sebaceous adenoma, sebaceous lymphadenoma, sebaceous 
carcinoma, and parotid cyst. They have also been noted in 
pleomorphic adenoma and mucoepidermoid carcinoma (69 ,74 ,75 ,76 
,77 ,78 ,79 ,80 (81,82 ,83 ,84 ,85 86,67 ), 


Myoepithelial Cells 


Myoepithelial cells (basket cells) are derived from early modification 
and differentiation of primitive pluripotential salivary duct cells by the 
tenth week of gestation. It has also been suggested that the precursor 
of myoepithelial cells are the clear cells located in the terminal and 
striated ducts (63 ). In regeneration, these cells migrate from the 
acinar periphery to the duct-acinar region (32 ). 


These cells lie between the epithelial cells and the basal lamina of 
acini, in the intercalated ducts, and probably also in the union of the 
striated and intercalated ducts (56 ,87 ,88 ). The cells are flat and 
have long cytoplasmic processes extending over the epithelial surface 
(Figure 17.13 ) in a network that makes it difficult to discern them in 
routine histologic sections. However, myoepithelial cells may assume 
morphologic modification at different anatomic locations within the 
ductal acinar structure (56 ,64 ). These cells are best studied by 
electron microscopy. 


The most outstanding characteristic is the presence of cytoplasmic 
filaments on the basal side. Most of these consist of the myofilaments 
actin, tropomyosin, and myosin (63 ,88 ,89 ,90 ), which are arranged 
in a pattern similar to that of the smooth muscle. Tonofibril-like 
bundles of intermediate filaments are attached to the cellular 
junctions, particularly in desmosomes where the filaments are 
cytokeratin. Some forms of myoepithelial cells may also show 
scattered, rather than basal, cytoplasmic distribution of these 
filaments, which may reflect structural and functional 
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differences (64 ). The presence of vimentin is not constant, and the 
filament desmin is absent in normal myoepithelium (91 ). The 
cytoplasm shows a strong activity of ATPase and alkaline phosphatase 
(92 ,93 ). 


. 
Moten a 


Figure 17.13 Myoepithelial cells (arrows ) on the acinic surface 
(semithin section, toluidine blue). 


It is generally accepted that myoepithelial cells are contractile. This 
function speeds up the outflow of the saliva by increasing the pressure 
on the excretory unit (94 ). It has been extensively studied in the 
mammary gland of the rat, where these cells are more frequently 
found. Oxytocin-induced contraction in the myoepithelial cells is 
similar to that of true muscle cells (95 ). The presence of 

myofilaments in the cytoplasm of these cells correlates strongly with 


this function. In addition, myoepithelial cells Support the underlying 
parenchyma and participate in the elaboration of the basal lamina. 
This last function is important in some hyperplastic and neoplastic 
alterations, where the myoepithelial cells produce fibronectin, laminin, 
and type III collagen (96 ,97 ,98 ,99 ,100 ,101 ,102 ,103 ). All these 
proteins are constituents of the basal lamina (104 ). In addition, 
myoepithelial cells are also involved in the production of tenascin, an 
extracellular matrix glycoprotein (105 ,106 ). 


Regardless of endodermal or ectodermal origin, the myoepithelial cells 
Share an epithelial and mesenchymal structure and function. Altered 
myoepithelial cells may manifest (in neoplastic proliferation) one or 
both characteristics. These cells are now considered the key factor in 
the morphology of many salivary neoplasms and in the morphologic 
variability of some tumors (106 ). 


The Role of Myoepithelial Cells in 
Salivary Gland Tumors 


The presence of myoepithelial cells in different histologic types of 
Salivary gland tumors (Table 17.1 ) is well documented, as is the role 
of these cells in the pathogenesis and in its biologic behavior. 


The role of myoepithelial cells in the histogenesis of the pleomorphic 
adenoma has been extensively studied. This tumor, sometimes called a 
mixed tumor because of the epithelial and mesenchymal mixture of 
tissues, is the most frequent neoplasm of the major salivary glands 
(107 ,108 ). It is now accepted that myoepithelial cells play a crucial 
role in the neoplastic process by expressing both epithelial and 
mesenchymal structures in the majority of pleomorphic adenomas 
(109 ,110 ,111 ,112 ,113 ,114 ,115 ,116 ,117 ). The participation of 
the contractile elements is also accepted in epithelial- myoepithelial 
carcinoma [clear cell carcinoma, a malignant tumor that mimics the 
normal structure of the intercalated duct (118 ,119 ,120 ,121 ,122 
,123 )] and myoepithelioma [in which the myoepithelial cells are the 


only tumoral element showing different cellular forms (124 ,125 ,126 
,127 ,128 ,129 )]. They also have been demonstrated in terminal duct 
adenocarcinoma (polymorphous low-grade adenocarcinoma) (130 ,131 
); monomorphic adenoma, which includes basaloid monomorphic 
adenoma (132 ,133 ,134 ); adenoid cystic carcinoma (96 ,100 ,113 
,135 ,136 ,137 ,138 ); and basaloid adenocarcinoma (139 ). 
Myoepithelial cell participation is also present in congenital tumors of 
Salivary gland origin, such as sialoblastoma (140 ) and the salivary 
gland anlage tumor (141 ). Although there are rare reports of 
myoepithelial cells in mucoepidermoid carcinoma (135 ,142 ), it is 
difficult to fully accept these statements because mucoepidermoid 
carcinoma arises from a ductal segment that lacks myoepithelial cells. 


Benign tumors 

Myoepitheliomas 

Pleomorphic adenoma 

Basaloid adenomas 

Malignant tumors 

Epithelial- myoepithelial carcinoma 
Adenoid cystic carcinoma 
Polymorphous low grade adenocarcinoma 
Basaloid carcinoma 

Congenital tumors 
Sialoblastoma 

Salivary gland anlage tumor 


Table 17.1 Salivary Gland Tumors with Myoepithelial Cell 
Participation 
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A 
Calponin 
Actin-myosin 
Cytokeratin 
$-100 


Lo 
rar 


D 
$-100 Calponin Cytokeratin Cytokeratin 
Calponin Actin-myosin Vimentin Calponin 
Vimentin Vimentin Calponin Actin-myosin 
Actin-myosin Cytokeratin $-100 $-100 


Figure 17.14 Morphology and histologic markers of the normal (A ) 
and modified myoepithelial cells (Ba€é“E ). The most constant markers 
are present in order of frequency: chondromyxoid type (B), spindle- 
Shaped type (C), hyalin or plasmocytoid type (D), and epithelial 
(clear) type (E). 


The principal morphologic types of altered myoepithelial cells are 
(Figure 17.14 ): 


e Stellate or myxoid cells, which are typically present in 
chondromyxoid areas of pleomorphic adenoma. 


e Spindle-shaped or myoid cells, which can be identified in 
pleomorphic adenoma and some types of myoepithelioma. 


Hyalin or plasmocytoid cells (143 ), which can be seen in 
pleomorphic adenomas and can be present in myoepitheliomas. 
These cells show abundant cytoplasmic filaments that give a hyalin 
eosinophilic aspect. 


Clear or epithelial cells, which are found in many salivary tumors 
on the external surface of ducts or ductlike structures. This is also 
characteristic in  epithelial-myoepithelial carcinoma. 


Bidirectional differentiation of the modified myoepithelium has been 
well documented. Myoepithelial cells with mesenchymal characteristics 
secrete mesenchymal mucins such as the acid glycosaminoglycans 
(hyaluronic acid, heparin sulfate, chondroitin-4-sulfate, and 
chondroitin-6- sulfate) (144 ,145 ), basement membrane constituents, 
elastin (111 ,112 ), and tenascin (105 ). In addition to contractile 
filaments (actin and myosin) and related proteins such as calponin, 
vimentin becomes strongly positive, particularly in spindle-shaped 
form (138 ,139 ,140 ,146 ,147 ,148 ). The S-100 protein, which is a 
common marker used for the myoepithelium, enhances its positivity in 
chondroid, myxoid, and stellate cells, particularly if they are 
associated with a myxoid stroma (104 ,149 ,150 ). Plasmocytoid 
myoepithelial cells are frequently negative for the muscular markers 
(151 ). However, these cells express several ultrastructural and 
immunomarkers characteristic of myoepithelial cells (127 ). On the 
other hand, epithelial differentiation may take the form of clear or 
Squamous cells, which can contain both vimentin and keratin filaments 
in the same cell (110 ). Figure 17.14 illustrates the histologic and 
immunohistochemical patterns of modified myoepithelium. 


Myoepithelial cells are a central element in the histologic formation 
and organization of different salivary gland tumors. The 
cytomorphologic features and the variability of the extracellular 
products account for the morphologic heterogeneity of these lesions. 
The presence of these cells varies widely, from minimal as in 
monomorphic adenomas (136 ), to marked, as in myoepitheliomas. 
Evidence of the protective effect of myoepithelial cells in malignant 
tumors is growing. Protease inhibitors like maspin, {+1-antitrypsin, 
TIMP-1, and nexin Il are anti-invasive factors produced by the 
myoepithelial cells in myoepithelial cells rich tumors (152 ,153 ). Now 
it is well accepted that malignant tumors with important myoepithelial 
cell components behave less aggressively. Myoepithelial carcinoma 
tends to be lobulated tumors rather than infiltrating, and patients with 
myoepithelial carcinoma show a better survival when they are 


compared to carcinomas that do not express myoepithelial cell 
differentiation. In addition, there is also evidence that myoepithelial 
cells may inhibit angiogenesis (154 ). 


Lymphoid Tissue 


The immune system of salivary glands comprises two elements of the 
mucosa-associated immune system. One is the secretory component, a 
glycoprotein receptor for dimeric IgA and pentameric IgM that is 
produced by epithelial cells in the acini, intercalated ducts, and 
Striated ducts (155 ,156 ). The other element is lymphoid tissue, 
which is either distributed diffusely or organized in lymph nodes. 
Isolated 
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lymphoid cells are present in the connective tissue near the acini and 
ducts. They are variable in number in the different glands (157 ) and 
yield principally IgA (nearly 80% of the immunoglobulins in saliva), 
along with a lesser quantity of IgG and IgM (159 ). Small lymph nodes 
are usually present near the surface of the parotid gland but not in the 
other salivary glands. Nevertheless, lymphoid cell aggregates are 
present in fetal submandibular and sublingual glands (158 ). These 
nodes usually contain salivary ducts and acini in the medullary region 
(Figure 17.15A ), a phenomenon probably due to the close relationship 
between developing gland and lymphoid tissue during embryonic life. 


eo er: 


Figure 17.15 Lymph node of the parotid gland. A. Presence of 
glandular ducts in the medullary region (arrows ). B. Duct dilatation 
and oncocytic transformation in another lymph node of the same 
patient. 


Lymph nodes are thought to participate in the histogenesis of 
Warthin's tumor. Although they have been pinpointed as the origin of 
the lymphoid tissue that characterizes this neoplasm, the hypothesis is 
still under debate. Different mechanisms have been proposed, but the 
most widely accepted one states that the lesion originates from the 
ducts inside lymph nodes within or adjacent to the parotid gland (85 
,160 ,161 ,162 ). According to this concept, the epithelial component 
of the tumor corresponds to altered ducts inside a lymph node, and 
the lymphatic component is, in fact, a lymph node. The following 
arguments support this hypothesis: salivary tissue is frequently 
present in intraparotid or periparotid lymph nodes (Figure 17.15A ); 
with the exception of a few cases, this tumor is exclusive to the 
parotid region; it is common to find early stages of oncocytic and 
papillary transformation in lymph nodes of the parotid region (Figure 
17.15B ); and, finally, tumors identical to the epithelial structure of 


Warthin's tumor occur outside the lymph nodes but without 
lymphocytic components (160 ). 


The diffuse lymphoid tissue may increase in chronic sialadenitis, 
particularly in immunologic reactions such as the benign 
lymphoepithelial lesion associated with SjAfigren's syndrome. In these 
instances, lymphoid tissue may obscure the glandular parenchyma in a 
diffuse or nodular manner, and epimyoepithelial islands may be formed 
(91,160 ). The polyclonal character of the lymphoid cells and the 
presence of epimyoepithelial islands are useful criteria in the 
differential diagnosis of malignant lymphoma, which can occur in a 
preexisting benign lymphoepithelial lesion (162 ). 


The Heterotopic Salivary Tissue and its 
Significance 


The presence of salivary tissue outside the major salivary glands and 
the oral cavity, pharynx, and upper airways is considered heterotopia. 
This heterotopia may be classified as intranodal and extranodal in a 
number of locations in the head and neck. 
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Heterotopia is common in the lymph nodes near the parotid gland but 
is much less frequent in the submaxillary region and in other upper 
cervical nodes (163 ,164 ). The glandular elements are either normal 
or atrophic; they consist mainly of ducts, but acini are also found. 
They are localized in the medullary region and comprise a variable 
proportion of lymphoid and salivary tissues. Although all types of 
secretory units are found, serous ones are predominant. The histologic 
architecture is similar to a normal gland. The lymph nodes exhibit a 
normal structure or some degree of lymphoreticular hyperplasia. 


The incidence of heterotopic salivary tissue in the lymph nodes has 
been well documented (165 ). It is typically found in the parotid 

region of fetuses during various stages of development, usually in 
more than one lymph node. In adults, although the incidence is not 


constant, it is nonetheless frequent (166 ). In most of the reports, the 
histogenetic mechanisms of this phenomenon have been related to 
embryonic development. From this point of view, the salivary tissue is 
trapped during embryologic development. In the fetus, the parotid 
gland is closely related to lymphoid tissue from the beginning of the 
second month. Moreover, Bairati (166 ) found that, at least in the first 
years of life, this salivary tissue is connected to the parotid gland. 
Although lymphatic dissemination has been proposed as a mechanism 
of salivary heterotopia in lymph nodes, in particular when they are 
located in the lower neck, this hypothesis is only speculative (167 ). 


Extralymphatic heterotopias are rare and often latent but may be 
responsible for symptomatology. Heterotopic salivary tissue has been 
described in several sites, including head and neck, thorax, and 
abdomen (Table 17.2 ). In the upper neck, heterotopia is limited to 
the mandible, ear, palatine tonsil, mylohyoid muscle, pituitary gland, 
and cerebellopontine angle (164 ,168 ,169 ). All these sites, with the 
exception of the last, may be related to the embryonic migration of 
the salivary glands. In the lower neck, heterotopias are localized in 
the base of the neck, particularly around the sternoclavicular joint and 
in the thyroid gland and parathyroid glands (Figure 17.16 ) (167 ,171 
). 


Lacrimal gland 
Pituitary gland 
External auditory canal 
Middle ear 
Cerebellopontine angle 
Upper neck 
Thyroglossal duct 
Thyroid gland 
Parathyroid gland 
Mediastinum 

Stomach 

Rectum 


Prostate gland 


Table 17.2 Salivary Gland Heterotopias 


Figure 17.16 Extranodal salivary heterotopias. Pituitary gland (1 ), 
middle ear (2 ), external auditory canal (3 ), cerebellopontine angle (4 
), mandible (5 ), oropharynx (6 ), cervical superior (7 ), thyroid 
capsule (8 ), and lower anterolateral neck (9 ). 


Most examples of high salivary heterotopia are explained in relation to 
lines of migration of the parotid and submaxillary glands. In the 
mandible, the presence of salivary heterotopia may be related to a 
bone cavity and usually contains submandibular gland tissue. These 
inclusions are most common in the posterior lower jaw, near the 
angle. Originally described in 1942 by Stafne, they are often 


considered as heterotopias (172 ). This defect may be found in the 
anterior position (173 ). A recent study showed the heterotopic 
Salivary tissue is present in 0.3% of maxillofacial marrow samples. The 
origin of this tissue is a matter of debate, but the most accepted 
hypothesis is the metaplasia of the odontogenic epithelial lesions (174 
). In the lower neck, an association with cysts and sinuses is frequent. 
This condition, along with the topographic presentation, has been 
related to the branchial apparatus (164 ,170 ) and, in particular, to a 
defective closure of the precervical His's sinus. The different 
abnormalities related to this defect (175 ) correspond embryologically 
to topographic distribution 
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through the neck from the ear to the clavicle. When this defect occurs, 
the salivary tissue is the result of abnormal tissue differentiation 
(heteroplasia). Willis (176 ) has argued that this is the mechanism of 
heterotopia. This mechanism may also account for the salivary tissue 
in remnants of Rathke's pouch (169 ) and the thyroglossal duct. 


Neoplastic transformation in heterotopic salivary tissue may pose a 
problem in differential diagnosis of metastasis in a cervical lymph node 
(163 ). Pleomorphic adenoma, mucoepidermoid carcinoma, and 
adenoid cystic carcinoma are the most frequent tumors arising in 
heterotopic salivary tissue. In fact, heterotopia is an explanation for 
many aberrant salivary tumors (167 ,177 ) and some cervical lymph 
node metastases that are thought to be metastases of an unknown 
primary tumor (178 ). Primary salivary tumors of the mandible may 
originate in this aberrant tissue (179 ). 


Aging Changes 


Oncocytes 


The oncocyte is an altered swollen epithelial cell characterized by an 
abundant eosinophilic granular cytoplasm that is rich in altered 
mitochondria and enzymes (Figure 17.17A ) (180 ). This cell is 


frequently present in interlobular ducts and is less frequent in acinar 
cells. Oncocytes are more common in the parotid gland. They are rare 
before 50 years of age, increase in frequency with advancing years, 
and become constant after 70 years (66 ,181 ). Oncocytes may be 
detected by histochemical methods using phosphotungstic-acid 
hematoxylin or by more specific immunohistochemical methods with 
antibodies to human mitichondria (182 ). 


Figure 17.17 A. Oncocytes in intralobular ducts of a normal 
submaxillary gland. Note the abundant and granulated cytoplasm. B. 
Nodular oncocytic hyperplasia. C. Diffuse oncocytosis. 


m 


The nature and function of oncocytes are unknown. Their proliferative 
character is a common finding in organs with endocrine function or 
endocrine dependence (183 ). Numerous researchers are presently 
interested in the production of various peptides with endocrine 
function in the intralobular ducts of rodent salivary glands (184 ,185 
,186 ). On the other hand, a number of workers are investigating the 


presence of neuroendocrine peptides such as the substance Pa€“like, 
[2-endorphina€“like (187 ,188 ), and a calcitonin-related peptide (189 
). In addition, neuroendocrine regulation of inflammation by the 
submandibular gland has been explained by an immunoneuroendocrine 
communication controlled by cervical sympathetic nerves (190 ). 


The proliferation of oncocytes is called oncocytosis or oncocytic 
metaplasia when it is diffuse and generally without pathologic 
Significance. In other cases, this proliferation presents a nodular 
pattern known as nodular hyperplasia (191 ). Histologically, it is easy 
to distinguish in the 
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Salivary parenchyma as one or several small foci of oncocytes that are 
well circumscribed but not encapsulated. The cells may be arranged in 
solid cords or ductal structures and, in rare cases, may replace most 
of the gland (Figure 17.17Ba€“C ). Oncocytes participate in various 
Salivary gland tumors in approximately 10% of cases (192 ); the most 
common is Warthin's tumor, and they are also observed in basal cell 
adenoma, pleomorphic adenoma, myoepithelioma, polymorphous low- 
grade adenocarcinoma, mucoepidermoid carcinoma, and acinic cell 
carcinoma (193 ,194 ,195 ,196 ). The neoplastic proliferation called 
Ooncocytoma is rarely found in salivary glands (197 ). 


Fatty Infiltration 


Normally, some adipose cells are present in the areolar connective 
tissue of the salivary glands. This fatty tissue increases in adults; in 
the elderly, it forms an important proportion of salivary gland tissue. 
Fatty infiltration may reach huge proportions, especially in alcoholics 
and the malnourished (198 ). 


Reactive Changes 


Metaplasia 


Squamous metaplasia may be present in larger salivary ducts in 
chronic inflammatory processes, particularly when associated with 
calculi (Figure 17.18A ) (199 ). (Remember that when the major 
Salivary ducts open into the oral cavity, they are lined with a stratified 
squamous epithelium). Metaplastic squamous transformation is also 
present in intralobular ducts and acini in ischemia and radiation injury 
(200 ,201). 


Mucous metaplasia is found on interlobular ducts and, less frequently, 
on intralobular ducts in cases of obstructive and postradiotherapy 
forms of sialadenitis (202 ). An important proliferation of mucous 
goblet cells is accompanied by prominent ciliated cells mimicking the 
respiratory epithelium (Figure 17.18B ). Necrotizing sialometaplasia is 
a type of metaplasia peculiar to salivary tissue, but it is exceptional in 
major salivary glands (Figure 17.19 ) (203 ). It consists of ischemic 
lobular infarction or necrosis of some acini, accompanied by extensive 
squamous metaplasia of salivary gland ducts and acini. Severe 
inflammation and granulation tissue are present. Necrosis of mucous 
acini is represented by small pools of mucin that, along with the 
Squamous elements, may be mistaken for mucoepidermoid carcinoma 
(204 ). The preservation of general lobular morphology and prominent 
granulation tissue are criteria in favor of benignity. Subacute forms 
are also described (205 ). 
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Figure 17.18 Metaplasia of excretory ducts. Squamous (A ) and 
mucous metaplasia (B ) showing cilliated cells simulating respiratory 
epithelium. 


Hyperplasia 


Hyperplasia of mucous acini is an alteration exclusive to the minor 
Salivary glands. In contrast, serous hyperplasia occurs in parotid and, 
rarely, in submaxillary and sublingual glands; it is called sialadenosis 
(206 ). This hyperplasia is associated with a number of metabolic, 
nutritional, and endocrine conditions or follows the ingestion of 
chemicals and drugs (207 ). In most cases, a bilateral swelling of the 
glands is caused by enlarged acini and an accumulation of secretory 
granules in the cytoplasm. In other cases, granulation is lost and the 
cytoplasm looks vacuolated (22 ). The myoepithelial cells may present 
nuclear pyknosis or cytoplasmic vacuolation. Adenomatoid salivary 
gland hyperplasia should be distinguished from true tumors. Recently, 
adenomatous ductal proliferation in salivary glands has been 
described; these cases may be misdiagnosed as true adenomas. 
Adenomatoid hyperplasia contains clusters or lobules of mucous or 
serous glands with normal or enlarged appearance, whereas 
adenomatous ductal proliferations show prominent ductal proliferation 
with some 
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acinar cells complexes, but the normal lobular pattern is preserved 
(208 ,209 ). 


Figure 17.19 Necrotizing sialometaplasia of submaxillary gland. 
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Atrophy 


Atrophy of the salivary tissue is a common finding in surgical 
specimens of tumoral salivary glands that have one or more atrophied 
lobules. This atrophy is caused by partial or total obstruction of an 
excretory duct. Accordingly, secretory units distal to the obstructed 
duct are dilated, and the acinar lumina become visible. The secretory 
cells lose their granules and have a similar aspect to that of the 
intercalated duct. The atrophic lobule has an inflammatory component; 
the cells gradually disappear, and the parenchyma is replaced by 
adipose tissue and collagen fibers (Figure 17.20A ). The extent of 
atrophy depends on the size of the affected duct. It is generally 
greater in lithiasic obstruction. The atrophy present in terminal stage 
chronic sialadenitis shows a diffuse pattern with prominent periductal 
sclerosis and dense inflammatory infiltration (Figure 17.20B ) (202 ). 
In the submaxillary gland, diffuse atrophy is frequent after 
radiotherapy, and the gland has a firm consistency (Kuttner's tumor) 


that may be clinically mistaken for a submaxillary neoplasm. Atypical 
cells are often found in postradiotherapy atrophy. Dilated ducts lose 
cell polarity and exhibit hyperchromatic nuclei and prominent 
myoepithelium. In addition, interlobular ducts lose their continuity, 
and the interstitium is densely infiltrated with plasma cells (201 ). In 
experimental models, atrophy takes place after ligation of main 
Salivary duct. Duct cells persist, in contrast to the disappearance of 
most acinar cells, which are deleted by apoptosis (210 ). 


Figure 17.20 Atrophy of the salivary parenchyma. A . Focal atrophy 
in the vicinity of a parotid tumor; note the duct dilatation. B. Diffuse 
atrophy in chronic sialadenitis showing prominent periductal sclerosis. 


Regeneration 


The parenchyma of salivary glands have a capacity for regeneration. It 
is particularly notable in the salivary gland a few weeks after partial 
resection. In general, regenerating tissue follows an embryonic 
pattern, showing solid buds and branching columns of undifferentiated 
cells that eventually form excretory units (22 ) (Figure 17.21A ). In 
some cases, such regenerating tissue exhibits an atypical appearance. 
Proliferating solid buds of undifferentiated cells may simulate basal 
cell adenoma (211 ) or other undifferentiated cell neoplasms (Figure 
17.21B ). However, unlike neoplasms, the regenerating tissue 
preserves the lobular architecture characteristic of the normal salivary 
gland (Figure 17.21Ba€“C ) (22 ,39 ). Regeneration after atrophy due 


to duct obstruction is completed from residual parotid ducts that 
differentiate into acinar cells (212 ); this is probably achieved by a 
stem cell that resides in one of the ducts. The pattern is similar to the 
high proliferative activity of the terminal tubule, proacinar, and acinar 
cells during normal embryonic development of the rat submandibular 
gland (213 ). 
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Figure 17.21 Regenerating salivary tissue of parotid gland. A. 
Formation of secretory units with an embryonic pattern. B. Atypical 
regenerating tissue; the lobular pattern is preserved. C.  Infiltrating 
residual adenoid cystic carcinoma in a parotid gland. Solid buds 
consist of undifferentiated cells without lobular arrangement. 
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Correlative Normal and Neoplastic 
Histology 


A characteristic of salivary glands is the ability to give rise to a large 
number of histologically distinct tumors (214 ). The histogenetic origin 
of these neoplasms is an interesting topic, but the numerous 
mechanisms that have been proposed remain hypothetical. The most 
attractive hypotheses attempt to relate this phenomenon to embryonic 
development and, particularly, to the presence of ductal reserve cells 
(56 ,60 ,193 ,214 ,215 ,216 ,217 ). A conjectural role of these reserve 
cells is the regeneration of salivary parenchyma, as well as the 
development of metaplastic tissue in reactive conditions. Batsakis (216 
) hypothesized two stem cells progenitors located at proximal and 
distal regions of the duct system that are related to tumors mimicking 
the terminal ductoacinar complex and the excretory ducts system, 
respectively. Some researchers have demonstrated, by 
immunohistochemical methods, the presence of basal cells with an 
undifferentiated aspect in salivary ducts (57 ,58 ). However, this does 
not prove that they act as reserve cells. Conversely, experimental 
evidence exists of the proliferative capacity of differentiated acinar 
and myepithelial cells (218 ,219 ,220 ). 


A correlation between the normal structure of the salivary gland and 
the histologic appearance of salivary tumors can help us to understand 
morphologic classifications. Nevertheless, we must realize that this 
histologic similarity does not necessarily imply that a particular tumor 
arises from the structure that it mimics (217 ). However, the 
morphogenetic approach proposed by Dardick relates morphology to 
cell differentiation derived from different genes' expression of a stem 
cell (221 ,222 ). 


The intercalated duct represents the most important segment of the 
Salivary gland in the morphologic organization of many salivary tumors 
(217 ). Many distinctive tumors have been related to it, including 
pleomorphic adenoma, adenoid cystic carcinoma, basal cell adenoma, 
epithelial-myoepithelial carcinoma, terminal duct carcinoma, basal cell 
carcinoma, and embryonic tumors (Figure 17.22 ). These tumors show 
both epithelial and myoepithelial cell differentiation (93 ,109 ,112 ,113 
,118 ,131 ,132 ,134 ,136 ,139 ,148 ,149 ,217 ,222 ,223 ), as does the 


normal intercalated duct. According to Batsakis (216 ), these tumors 
develop from da€oeintercalated duct reserve cellsa€* that follow the 
Same direction as the embryonic terminal tubular cell. Statistically, 
approximately 80% of salivary tumors develop in the parotid gland, 
where the intercalated ducts are relatively long (Figure 17.6 ). In 
contrast, in the sublingual gland, which gives rise to less than 1% of 
Salivary tumors (22 ), intercalated ducts are hardly visible. 
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Figure 17.22 Morphologic similarity of some salivary tumors and the 
different epithelial structures of the salivary gland: acinus (A ), 
intercalated duct (I ), striated duct (S ), sebaceous gland (SG ), and 
excretory ducts (E ). Not necessarily related to histogenesis. 


A similar morphologic link exists between the acini, the most 
differentiated structure of the gland, and the acinic cell tumor, a well- 
differentiated neoplasm (Figure 17.23Aa€“B ) (224 ); between the 
mitochondria-rich cells of the striated duct, Warthin's tumor, and 
Ooncocytomas (180 ,181 ); and between the sebaceous glands and 


sebaceous tumors (69 ,76 ,86 ). A morphologic analogy also may be 
found between the larger excretory ducts and mucoepidermoid 
carcinoma, salivary duct adenocarcinoma, epidermoid carcinoma, 
adenosquamous carcinoma, and papillary tumors (Figure 17.22 ) (225 
,226 ,227 ,228 ,229 ,230 231,232 ,233 ). 


Immunohistochemistry 


An important aspect of cytodifferentiation in normal and neoplastic 
Salivary tissue is the expression of different intermediate filaments, 
enzymes, immunologic components, and other proteins. These proteins 
may be stained by immunohistochemical methods. 


Figure 17.23 A. Acinic cell carcinoma of tha parotid gland (arrow ), 
mimicking the normal gland. B. Epithelial-myoepithelial carcinoma of 
parotid gland, showing both epithelial and myoepithelial cells of the 
intercalated duct. 


In normal salivary glands, the immunohistochemistry may be 
summarized as follows (Table 17.3 ): the expression of cytokeratin 
varies according to individual cell types of the secretory unit. Acinar 
cells are stained by several types of lower weight cytokeratins such as 
CK7, CK8, and CK19. In addition, these cells may be marked by the 
enzymes usually present in the normal acinus, such as amylase and 
lysozyme (234 ). Cytokeratins 6 and 12 are weakly positive in acinar 
cells but strongly positive in ductal cells, especially in excretory ducts 


(Figure 17.24 ) (57 ). Basal cells are stained with anticytokeratin 19 
and 18. Myoepithetial cells may coexpress cytokeratins 14, 17, 19, 
and vimentin (57 ,146 ,148 ). The most specific markers for 
myoepithelial cells are S-100 protein, [+-smooth muscle actin, 
calponin, caldesmon, and myosin heavy chain (149 ,235 ). In addition, 
normal myoepithelial cells are 
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sometimes stained with glial fibrillary protein (236 ). The secretory 
component, except for the mucous units, is present in acinar cells and 
intercalated and striated ducts (55 ,237 ). Carcinoembryonic antigen 
(CEA) is present in acinar and intercalated duct cells; it is strongly 
positive in inflamed glands (238 ). Basal cells are stained with CK14, 
CK17, and p63 (234 ). Ductal epithelial cells of intercalated, striated, 
and interlobular ducts are strongly positive for epithelial membrane 
antigen (EMA) (239 ). Recently, the presence of {+-fetoprotein in the 
human submandibular gland has been documented (240 ). Used as 
functional markers, the following enzymes may be stained: amylase 
and lactoferrin in serous acinar cells (241 ), lysozyme in intercalated 
ducts (49 ,50 ), and alkaline phosphatase and ATPase in myoepithelial 
cells (92 ). When used as histologic markers, all these proteins have 
proven useful in surgical pathology. 


Acinus 
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Intercalated duct 
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Striated duct 
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Excretory duct 
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Myoepithelial 


cell 
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Basal cell 
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(LMK, low-molecular weight keratin; HMK, high-molecular weight 
keratin; vim , vimentin; A-M,  actin-myosin; CALP, calpinin; EMA , 
epithelial membrane antigen; S-100, S-100 protein; AFP, Î=+- 
fetoprotein; CEA, carcinoem-bryonic antigen; +, weak positivity; ++, 
strong positivity; -, negative result) 


A- S- 
Structure LMK HMK Vim M CALP EMA 100 AFP CEA 


Table 17.3 Immunohistochemical Markers of Salivary Glands 


Figure 17.24 Immunostaining for high-molecular weight cytokeratin 
in a submaxillary gland. The acini are unstained, but intercalated, 
Striated, and excretory ducts show a progressive immunoreaction 
(peroxidase-antiperoxidase method). 


Specimen Handling 


The parotid gland is the most common location of major salivary gland 
tumors. Because most of them are benign and located on the 
Superficial lobe, partial parotidectomy of the superficial lobe (lateral 
lobectomy) is the most common treatment. Superficial parotidectomy 
also suffices for small, well-differentiated, low-grade malignant 
neoplasms that have not compromised the facial nerve (242 ). The 
specimen should be sectioned horizontally, and the relationship 
between the tumor and the gland should be stated (Figure 17.25 ). 
The surgical limits should be described even in benign tumors (Figure 
17.26 ). Total parotidectomy with preservation of the facial nerve is 
usually indicated in recurrent or multiple benign tumors and large 


benign tumors of the isthmus and deep lobe. 


Figure 17.25 Histologic section of a parotid gland showing a 
pleomorphic adenoma. The tumor is apparently well delimited; tumoral 
buds may be found separate from the principal tumor. 
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Figure 17.26 Superficial parotidectomy for a pleomorphic adenoma. 
Note the tumor is well delimited within the normal gland. 
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Total parotidectomy, including facial nerve resection (radical 
parotidectomy), is indicated in aggressive malignant tumors, 
malignant tumors situated in the deep lobe, or those that have 
compromised the facial nerve. All these specimens should be sectioned 
on their major axis to evaluate periparotid tissue infiltration (Figure 
17.27 ). Intraparotid and periparotid lymph nodes should be 
identified; and, when radical parotidectomy includes neck dissection, 
the lymph nodes should be separated according to the different 
anatomical regions. 


Benign and malignant submandibular gland tumors are rare. Single 
gland resection is indicated for benign tumors, whereas malignant 
tumors are treated by a monobloc resection of the gland lesion along 
with associated muscles, nerves, and mucous membrane. 


Sublingual tumors are rare, and most (80%) are malignant. They are 
also treated by local monobloc resection, including the sublingual 


compartment and surrounding tissues (243 ). 


Figure 17.27 Radical parotidectomy for a high-grade mucoepidermoid 
carcinoma. Note the infiltration of the periparotid tissues. 
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Normal Structure and Histology 


The following review is based on several standard references on 
the topic (1 ,2 ,3 ,4,5 ,6,7 ,8 ,9 ,10 ,11 ,12 ,13 ,14 ,15 ,16 ). 


General 


The lungs are paired intrathoracic organs that are divided into 
lobes (three on the righta€”right upper lobe, right middle lobe, 
right lower lobe; two on the lefta€”left upper lobe, left lower 
lobe). The lingula is a rudimentary appendage arising from the left 
upper lobe and is analogous to the middle lobe on the right. The 
lobes are further divided into bronchopulmonary segments (Table 
18.1 ). 


The segmental anatomy of the lung is important for radiologists, 
bronchoscopists, and pathologists in defining the location of 
lesions. The lobes are divided by fissures and have their own 
pleural investments. The segments are not separated by fissures 
and do not normally have separate pleural investments, although 


they are recognizable on the basis of their supplying bronchi 
(segmental bronchi). 


The primordial lungs arise as ventral buds of the foregut extending 
into the primitive thoracic mesenchyme. Bronchial cartilages, 
smooth muscle, and other connective tissues are derived from the 
mesenchyme that surrounds these dichotomatously branching 
buds. The phases of airway and lung parenchymal development 
are summarized in Table 18.2. 


As the lung progresses through these phases of development, 
there is a complex series of epithelial-mesenchymal reactions 
modified by physiologic mechanical forces and humoral factors. 
These events are overseen by master genes (such as homeobox 
genes), nuclear transcription factors, hormones, and other soluble 
mediators such as growth 
P.474 
factors (17 ,18 ). Some of these mediators and their relationship 
to lung development are shown inTable 18.3. 


Right upper lobe 
Left upper lobe 
1. Apical 
1,2. Apical posterior 
2. Posterior 
3. Anterior 
3. Anterior 
Lingula 
Right middle lobe 
4. Superior 


4. Lateral 
5. Inferior 
5. Medial 


Left lower lobe 
Right lower lobe 
6. Superior 


6. Superior 

7.  Anterior-medial basal 

7. Medial basal 

8. Lateral basal 

8. Anterior basal 

9. Lateral basal 
10. Posterior basal 

9. Posterior basal 
* Modified from: Kuhn C III. Normal anatomy and histology. In: 
Thurlbeck WM, Churg AM, eds. Pathology of the Lung . 2nd ed. 
New York: Thieme Medical Publishers; 1995: 1a€“36. 


Table 18.1 Bronchopulmonary Segments * 


Embryonic 

3 1/2a€“6 weeks 

Development of major airways 
Pseudoglandular 

6a€“16 

Development of airways to terminal bronchioles 
Canalicular 

16a€“28 

Development of the acinus and its vascularization 
Saccular 

28a€“36 

Subdivision of saccules by secondary crests 
Alveolar 

36 weeks to term (and up to 4 years of age) 
Acquisition of alveoli 


Phase Gestation (approx. weeks) Major Events 


Table 18.2 Phases of Lung Development 


Embryonic 

Outgrowth of trachea, right and left main bronchi, and major 
airways 

HNF-3/2, TTF-1, RA, RAR, Shh, Ptch, Gli2, Gli3, FGF-8, FGF-10, 
NHF-4, N-cadherin, activin-i2-r, Ila, lefty-1/2, nodal, Pitx-2 
Pseudoglandular 

Formation of bronchial tree up to a preacinar level. 

GATA-6, N-myc, PDGF, PDGF-R, EGF, EGF-R, FGF, TGF-Î2, Shh, 
Ptch, VEGF, BMP-4, RA, RAR 

Canalicular 

Formation of the pulmonary acinus and of the future air-blood 
barrier; increase of capillary bed; epithelial differentiation; first 
appearance of surfactant 

GATA-6, TTF-1, HNF-3i?, Mash-1, VEGF 

Saccular 

Formation of transitory air spaces 

HNF-3i2, TTF-1, NF1, VEGF, VEGF-R 

Alveolar 

Alveolarization by forming of secondary septa 

PDGF, PDGF-R, FGF, FGF-R, VEGF, VEGF-R, angiopoietins, ephrins, 
RA, RAR 

Microvascular maturation (birtha€“3 years) 

Thinning of interalveolar walls; fusion of the capillary bilayer to a 
single layered network 

VEGF, VEGF-R, PDGF, PDGF-R, angiopoietins, ephrins 

*Modified from: Roth-Kleiner M, Post M. Genetic control of lung 
development. Biol Neonate 2003;84:83a€“88. 


Phase of Lung Major Molecular 
Development Events Mediators 


Table 18.3 Lung Development and Regulatory Factors * 


Airways 


The airways serve as conduits for air traveling to and from alveoli; 
for evacuation of material along the mucociliary escalator; and for 
immunologic, protective, air-moisturizing, and warming functions. 


The airways arise by unequal dichotomous branching of the 
bronchial buds. In a normal individual, there are approximately 20 
generations (range: approximately 10a€“30 divisions, depending 
on the location in and distance from the trachea) extending from 
the trachea to the respiratory bronchioles. In histologic sections 
from normal lungs, the diameter of an airway is approximately the 
Same as itS accompanying artery (and vice versa) (19 ). 

Disparities in size (of either airway or artery) suggest a pathologic 
condition. Airways are defined as follows: 


e Bronchi are cartilaginous airways and are usually more than 1 
mm in diameter (Figure 18.1 ). They are conducting airways, 
and the cartilage plates in their walls prevent their collapse. 
The posterior wall is smooth muscle. The cartilage may calcify. 


Figure 18.1 Bronchus. Alcian blue staining of the bronchus 
highlights the presence of goblet cells in the mucosa (slightly 
increased in this case), as well as the bronchial 
submucosalglands. Beneath the epithelial basement 
membrane, there is a vascularized layer of connective tissue 
with wisps of smooth muscle above the submucosal glands. 


m 


Bronchioles are airways that are usually less than 1 mm in 
diameter; they lack cartilage (Figure 18.2 ). 


Nonrespiratory bronchioles represent all bronchioles proximal 
to respiratory bronchioles. 


Terminal bronchioles are nonrespiratory bronchioles just 
proximal to respiratory bronchioles. 


Respiratory bronchioles are airways that have alveoli budding 
from their walls. 
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In the large bronchi, the surface epithelium rests on a basement 
membrane, below which there is an elastin-rich layer of connective 
tissue; together these elements comprise the bronchial mucosa . 
Beneath the bronchial mucosa lies the submucosa, in which 
submucosal glands, cartilage, nerves, ganglia, and branches of the 
bronchial artery may be found. There is no clear histologic 
boundary between mucosa and submucosa. Outside the 
submucosa, there is a peribronchial sheath of loose connective 
tissue, which is continuous with that of the accompanying artery. 
The bronchial epithelium is a pseudostratified columnar epithelium 
composed primarily of ciliated columnar cells with interspersed 
mucous (goblet) cells. Lesser numbers of neuroendocrine cells, 
basal cells, brush cells, and migratory inflammatory cells are also 
normally present (see below). 
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The height of the pseudostratified columnar epithelium decreases 
progressively toward the periphery of the lung. 
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Figure 18.2 Bronchioles. Hematoxylin and eosin (A ) and elastic 
tissue stains (B ) illustrate normal bronchioles with a thin layer of 
connective tissue just beneath the epithelium overlying the 
elastica (B) and the smooth muscle investiture. The mucosa is low 
columnar, and there is no thickening of the subepithelial region. 
The smooth muscle is circumferential and is surrounded by an 
adventitial layer. C. A terminal bronchiole is continuous with the 
respiratory bronchiole, which extends into the alveolar ducts and 
ultimately the alveoli. 


Figure 18.3 Lambert's canals. A. These canals represent 
communications between nonrespiratory bronchioles and adjacent 
alveoli and are only rarely observed in histologic sections. B. It is 
these canals that are thought to be the origin of peribronchiolar 
metaplasia, which is seen as a repair phenomenon involving 
peribronchiolar alveoli after bronchiolar injury. 


The walls of bronchioles are normally much thinner than those of 
the bronchi. The surface epithelium rests on a basement 
membrane, which overlies a thin layer of loose elastin-rich 
connective tissue. This is surrounded by a muscle layer 
(muscularis), which is in turn invested by a peribronchiolar 
connective tissue sheath continuous with that of the adjacent 
artery. The distinction of mucosa from submucosa in bronchioles is 
arbitrary, and sometimes the tissue beneath the basement 
membrane is referred to as submucosal or submembranous 
connective tissue. 


The airway basement membrane region consists of three layers: 
lamina lucida, lamina densa, and lamina reticularis. The last of 
these consists of very fine fibrillary collagen and is only found in 
adults. It is not technically part of the basement membrane, and it 
is this zone that is thickened in asthma and other inflammatory 
airway conditions. The basement membrane stains with digested 
PAS stains and immunostains for type IV collagen and laminin. 


Direct communications between nonrespiratory bronchioles and 


alveoli have been identified and termed Lambert's canals (20 ). 
These are thought to be involved in collateral ventilation. 
Lambert's canals are rarely visible in histologic sections (20 ). 
Lambert's canals may be conspicuous in scarred airways 
surrounded by metaplastic bronchiolar epithelium, which is seen to 
be continuous with the bronchiolar surface epithelium through 
Lambert's canals. This has been termed a€ceLambertosis,a€« 
bronchiolarization, and  peribronchiolar metaplasia (Figure 18.3 ). 
Sometimes the marked peribronchiolar metaplasia is the most 
prominent pathologic finding in a surgical biopsy. Peribronchiolar 
metaplasia is a not uncommon incidental finding in a variety of 
diffuse lung diseases. It may also be the sole or predominant 
change and the cause of the diffuse lung disease as described in 
some recent studies (21 ,22 ,23 ). 


Cell types lining the airways include basal cells, Kulchitsky cells, 
ciliated cells, Clara cells, goblet cells, intermediate cells, and 
brush cells. Ultrastructural abnormalities in the ciliated cells of the 
respiratory tract are known to be associated with pathologic 
conditions (e.g., primary ciliary dyskinesia). Goblet cells and 
ciliated cells decrease in number as the terminal bronchioles are 
approached; there is a concomitant increase in Clara cells, and the 
mucosa becomes less columnar and more cuboidal in appearance. 
Clara cells have secretory functions (e.g., surfactant-like material) 
and also act as progenitor cells after bronchiolar injury. Clara cell 
differentiation in tumors of the lung may be appreciated by the 
presence of apical periodic acid-Schiff (PAS)-positive, diastase- 
resistant granules, as well as by their electron microscopic apical- 
dense granules. Kulchitsky cells contain dense core granules and 
are part of the diffuse neuroendocrine system. Aggregates of 
neuroepithelial cells are called neuroepithelial bodies; they tend to 
occur at airway bifurcations. The finding of goblet cells in 
bronchioles usually signifies chronic airway injury. The cell types 
in the airways and parenchyma are summarized in Table 18.4 and 
illustrated in Figures 18.4 , 18.5 , and18.6. 


Smooth muscle of the airways plays an important functional role in 
regulating airflow and is arranged in a complex spiral pattern that 
becomes progressively less prominent in the distal conducting 
airways. This muscle receives nutrition from the bronchial arteries. 
At the level of the alveolar ducts, bundles of airway smooth 
muscle can be seen, interrupted by alveolar openings; in cross 
section, these may appear as isolated round or oblong aggregates. 


Submucosal salivary-type glands containing both serous and 
mucous cells are found in the larger bronchi. In older individuals, 
oncocytic metaplasia can be seen in these glands (Figure 18.7 ). 
Within the walls of the large airways, ganglia, nerves, and 
bronchial arteries are found. 
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Figure 18.4 Respiratory tract epithelia. There is a progression of 
pseudostratified columnar epithelium in the large airways, to a 

more cuboidal epithelium in the small airways, to squamous type 
epithelial cells (type | pneumocytes) in the alveoli. The epithelium 


in the large airways is designed for maintaining and moving the 
mucous stream, whereas the squamous pneumocytes in the 
airspaces facilitate gas transfer. (Reprinted with permission from: 
Weibel ER, Taylor CR. Design and structure of the human lung. In: 
Fishman AP, ed. Pulmonary Diseases and Disorders . Vol 1. 2nd ed. 
New York: McGraw-Hill; 1988:14. 


Figure 18.5 Bronchial epithelium. A. Normal bronchial epithelium 
is pseudostratified and columnar, with numerous ciliated cells and 
scattered basophilic and _ flocculent-appearing goblet cells. B. This 


ultrastructural schematic of bronchial epithelium shows the various 
cell types present. (Figure 18.5B reprinted with permission from: 
Sorokin SP. The respiratory system. In: Weiss L, ed. Cell and 
Tissue Biology: A Textbook of Histology . 6th ed. Baltimore: 
Williams & Wilkins; 1988:769. 

) 
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Ciliated 

Columnar, cuboidal, ciliated bronchial lining cells; each cell has 
approximately 250 cilia at the apical surface, and each cilium is 
approximately 6 Aum long 

Proximal transport of mucous stream (mucociliary escalator) 
Bronchi and bronchioles 

Epithelial markers2 

Goblet 

Columnar mucus-secreting cells; contain mucous glycoprotein, 
which discharges apically 

Contribute to airway mucus 

Bronchi (more numerous proximally); small numbers in 
bronchioles 

Epithelial markers? , histochemical mucin stains, MUC5 

Basal 

Short cells with relatively little cytoplasm; oriented along the 
basement membrane; do not reach the luminal surface of the 
epithelium 

Precursor cell of ciliated and goblet cells 

Bronchi; rare in bronchioles 

Epithelial markers2 

Neuroendocrine (Kulchitsky or K cells) 

Basal-oriented cells with numerous dense-core (neurosecretory) 
granules; single or in groups (neuroepithelial bodies), the latter 
near sites of airway bifurcation 

Specific functions not known; considered part of the diffuse 


neuroendocrine system 
Bronchi; rare in bronchioles 
Chromogranin-A, synaptophysin, NCAM 


Brush 
Found infrequently at all levels of the airways; some have termed 
these type IIl pneumo-cytes; they are named for a brush border 


of microvilli approximately 2 Aum in length 

Thought to be involved in fluid absorption or chemoreceptor 
function 

All airways 

Ultrastructurally identified 

Serous 

Identical to serous cells in the minor salivary gland tissues 
Produce secretion of lower viscosity than that from mucous cells 
Primarily bronchioles 

Lysozyme 

Neuroendocrine bodies 

Clusters of 4a€“10 neuroendocrine cells adjacent to the 
subepithelial basement membrane 

Unknown; hypotheses include chemoreceptor, tactile receptor, 
vasoconstrictive functions 

Bronchi, bronchioles, and alveoli 

Chromogranin-A, synaptophysin 

Oncocytic 

Eosinophilic mitochondrial-rich cells in submucosal gland ducts 
lon secretory functions 

Submucosal glands 

Epithelial markers2 

Squamous 

Stratified squamous epithelium is an abnormal metaplastic 
replacement of normal pseudostratified respiratory epithelium 
Protective, reparative 

Bronchi, bronchioles, and occasionally alveoli 

Epithelial markers? , cytokeratin 5/6 


Clara 

Columnar nonciliated bronchiolar cells; protuberant apical 
cytoplasm with large, ovoid electron-dense granules; comprise the 
majority of nonciliated bronchiolar cells 

Secretory functions contributing to the mucous pool and 
maintaining extracellular lining fluid; progenitor for other 
bronchiolar cells; role in surfactant 

Predominantly in bronchioles 

CC10, diastase-resistant PAS-positive apical granules 

Type | alveolar pneumocyte 

Large, flat, squamous alveolar lining cells; cover some 93% of 
alveolar surface area; incapable of division 

Provide a thin air-blood interface for gas transfer 


Alveoli 
Epithelial markers? , caveolin, and aquaporin 
Type Il alveolar pneumocyte 


Columnar alveolar lining cells; microvillous surface; synthesize and 
secrete surfactant (lamellar ultrastructural inclusions); capable of 
division 

Maintain alveolar stability; progenitor for type | pneumocytes 
Alveoli 

Epithelial markers? , surfactant protein C 

Minor salivary tissue: Serous, Mucous, Ductal Cells 

Submucosal minor salivary glands identical to other sites with 
serous and mucinous acinar cells that secrete into the ducts, which 
empty at the mucosal surface 

Secretion and contribution to airway mucous stream 

Bronchial submucosa 

Epithelial markers? , histochemical stains for mucin, Alcian 
blue/PAS 

Smooth muscle 

Bundled smooth muscle surrounds the conducting airways to the 
level of the alveolar ducts 

Contraction of the airway 


Peripheral in the airway and external to the cartilage in bronchi 
Muscle specific actin, smooth muscle actin, desmin, vimentin 
Other cells 

1 Endothelial cells and pericytes; interstitial fibrocytes, fibroblasts, 
and myofibroblasts; macrophages; lymphoid cells, including 
Langerhans cells; mast cells; mesothelial pleural lining; cartilage 
and bone; smooth muscle; peripheral nerves; and myoepithelial 
cells. 

2 For example, AE1/AE3 and EMA. 

*Table is modified from: 

Castranova V, Rabovsky J, Tucker JH, Miles PR. The alveolar type 
II epithelial cell: a multifunctional pneumocyte. Toxicol Appl 
Pharmacol 1988;93:472da€“483. 

Colby TV, Koss MN, Travis WD. Tumors of the lower respiratory 
tract. In: Rosai J, ed. Atlas of Tumor Pathology. 3rd series, 
fascicle 13. Washington DC: Armed Forced Institute of Pathology; 
1995: 465a€“471. 

Corrin B. Pathology of the Lungs. London: Churchill Livingstone; 
2000. 

Kasper M, Reimann T, Hempel U, et al. Loss of caveolin expression 
in type | pneumocyte as an indicator of subcellular alterations 
during lung fibrogenesis. Histochem Cell Biol 1998;109:414a€“48. 
Kreda SM, Gynn MC, Fenstermacher DA, Boucher RC, Gabriel SE. 
Expression and localization of epithelial aquaporins in the adult 
human lung. Am J Respir Cell Mol Biol 2001;24:224a€“234. 

Lou YP, Takeyama K, Grattan KM, et al. Platelet-activating factor 
induces goblet cell hyperplasia and mucin gene expression in 
airways. Am J Respir Crit Care Med 1998;157(pt 1):1927a€“1934. 
Rogers AV, Dewar A, Corrin B, Jeffrey PK. Identification of serous- 
like cells in the surface epithelium of human bronchioles. Eur 
Respir J 1995;6:498a€“504. 

Ryerse JS, Hoffmann JW, Mahmoud S, Nagel BA, deMello DE. 
I!mmunolocalization of CC10 in Clara cells in mouse and human 
lung. Histochem Cell Biol 2001;115:325a€“332. 


Histochemical 


and/or 

I mmunohisto- 
Cell chemical 
Type Features Function(s) Location Staining 


Table 18.4 Major Cell Types of the Lower Respiratory 
Tract * 
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Figure 18.6 Clara cells. Although Clara cells sometimes can be 
identified in bronchioles, these are seen to best advantage in 
neoplasms such as this nonmucinous’ bronchioloalveolar carcinoma. 
The apical snouting and increased cytoplasmic density are 
apparent. 


Lobule and Acinus 


The lung lobule is grossly visible and represents the smallest 
anatomic subunit of the lung that is bounded by connective tissue 


(interlobular) septa, which may appear to invaginate from the 
visceral pleura (Figure 18.8 ). Lobules are 1 to 2 cm in diameter 
and are visible to the naked eye on both the pleural surface of the 
lung and on cut surfaces of the parenchyma by their septal 
demarcations. Lobules are accentuated in fibrotic conditions in 
which the septa contract (e.g., honeycombing, healed infectious 
pneumonia, chronic pleural inflammation). Pulmonary lobules are 
identifiable with high-resolution computed tomography (CT) 
scanning of the lung. The term lobule as used here has also been 
referred to as the secondary lobule of Miller (12 ). The use of the 
term secondary lobule is discouraged because it implies that there 
is a primary lobule, and the latter term is not in current use. 


Figure 18.7 Bronchial submucosal glands. A. The bronchial 
submucosal glands are normally located in the submucosa above 


the bronchial cartilage and contain mixed seromucous glands with 
a duct leading to the bronchial mucosa (also Figure 18.1 ). B. 
Oncocytic metaplasia involving bronchial submucosal glands is 
relatively common. 
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Figure 18.8 Pulmonary lobule. This cut section of normal lung 
tissue (from an explant that could not be used for technical 
reasons) shows focal hemorrhage highlighting a pulmonary lobule. 
The hemorrhage stops abruptly at the interlobular septa and, 
centrally, a bronchovascular bundle can be appreciated. The lobule 
is approximately 2.0 cm in diameter. 


The functional unit of the lung is the acinus, where gas transfer 
takes place (Figure 18.9 ). The precise definition of the acinus has 
varied. Some define it as the lung tissue supplied by a single 
terminal bronchiole (12 ,15 ). According to this definition, each 


pulmonary lobule comprises some 3 to 10 acini. The acinus has 
also been defined as a respiratory bronchiole and its supplied 
alveolar ducts and sacs (10 ,13 ); using this definition, each lobule 
comprises some 20 to 30 acini and the acini are 1 to 2 mm in 
diameter. 


Squamous (type | pneumocytes) and cuboidal (type Il, or 
granular, pneumocytes) epithelial cells line the alveoli (Table 18.4 
). Gas exchange takes place across the cytoplasm of type | cells. 
Type II cells are the progenitors for type | cells, produce 
surfactant, and proliferate after injury to restore alveolar epithelial 
integrity. Type II cell hyperplasia represents a nonspecific marker 
of alveolar injury and repair (Fig 18.10 ). Macrophages are a 
normal finding in the lung, scattered over the surfaces of the 
alveoli and percolating into the interstitium; a number of 
subpopulations of pulmonary macrophages are definable, based on 
their anatomic locations and their role in host defense clearance 
functions (31 ). Pulmonary macrophages are greatly increased in 
cigarette smokers; increased Langerhans cells are also found in 
the 
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bronchiolar epithelium of smokers, but their recognition requires 
special stains (e.g., CDla) and quantitative studies. 
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Figure 18.9 Distal lung parenchyma. The acinus is the functional 
unit of the lung where a gas transfer takes place. A. An alveolar 
duct extends from the left to right and communicates directly with 


alveolar spaces; a small interlobular septum (top ) and the pleura 
(right ) are present. (From the case illustrated in Figure 18.2C .) 
B. Reticulin stain highlights the vasculature of the alveolar 
septum, showing pulmonary capillaries winding around the access 
of the alveolar wall to maximize gas transfer surface area. A 
foamy macrophage is present (upper center ), a normal finding in 
lung parenchyma. 


The epithelial and capillary basement membranes in the alveolar 
septum are irregularly fused. Gas transfer takes place across the 
alveolar-capillary membrane, which includes the attenuated 
cytoplasm of the type | cell, the endothelial cell cytoplasm, and 
their fused basement membranes. Pores of Kohn represent direct 
communications between adjacent alveoli via a a€ceporea€* in the 
alveolar wall. They are thought to be involved in collateral 
ventilation. Pores of Kohn are rarely visible with the light 
microscope. 


The lung is invested with a rich framework of connective tissue 
coursing throughout the interstitium. It is well developed and 
easily visible along bronchovascular sheaths and in the septa that 
delimit lobules. This framework is continuous from the hilum to the 
pleura and encompasses the interstitial compartment of the lung 
down to the level of the alveolar wall and perivascular areas. 
Within the alveolar walls, collagen, elastic fibers, mesenchymal 
cells, and a few inflammatory cells can be identified 
ultrastructurally. This alveolar interstitial space is normally 
inconspicuous by light microscopy in adults. In children (up to 
approximately age 4), some interstitial widening and increased 
cellularity are a normal histologic finding. 


Figure 18.10 Alveolar cell hyperplasia. A reactive proliferation of 
type II cells (alveolar cell hyperplasia) is common after injury. 
This case illustrates how this appears as a single row of cells 
protruding from the alveolar surface. Cytologic atypia is lacking. 
The interstitium shows edema, inflammatory cells, and some 
fibrinous exudate consistent with recent lung injury. 


a 


Given the concentration of nuclei of the various cell types 
comprising the alveolar wall, it may be difficult to decide when 
some degree of cellularity is pathologic. Although one may attempt 
to count nuclei in a single alveolar wall, it is more practical to 
assess inflammatory cell infiltrates in the perivenular regions and 
to compare various foci in the biopsy since interstitial infiltrates 
are rarely perfectly uniform in distribution. 


Vasculature 


The lungs have vascular systems: bronchial (systemic) arteries 
and veins and pulmonary arteries and veins. The alveolar 
microvasculature is designed for oxygenation of venous blood 
derived from the pulmonary arteries. Large (elastic) pulmonary 
arteries in infants are similar to the aorta in structure; the elastic 
fiber lamellae become more irregular, fragmented, and less 
compact in adulthood. Elastic tissue remains relatively prominent 
in the pulmonary arterial tree to approximately the point where 
bronchi become bronchioles. At this juncture, the pulmonary 
arteries become primarily muscular arteries. The muscular 
pulmonary arteries and arterioles have an internal and external 
elastic 
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membrane (Fig. 18.11A ); pulmonary veins have only a lamellated 
single (outer) elastica (Fig. 18.11B ). Small intra-acinar pulmonary 
veins merge into larger veins in the interlobular septa. The 
bronchial arteries in the walls of bronchi are part of the systemic 
circulation and have pressures similar to systemic arterial 
pressures. The pulmonary circulation is a low pressure system with 
a normal mean pressure of approximately 10 mmHg (it is 
somewhat higher at higher elevations). 


Figure 18.11 Pulmonary vasculature (elastic stains). Normal 
pulmonary arteries contain two elastic lamina (A ), whereas veins 
have a single elastic lamina (B ). The location of a vein within a 
septum (B) is also very helpful in identifying it as a vein. 


It may be difficult to separate small pulmonary arterioles from 
venules, especially since a single elastic lamina forms as arterioles 
get smaller. In pathologic states, the veins may develop muscular 
hypertrophy and increased mural thickness (arterialization), 
making the distinction of arteries from veins difficult. The location 
of the vessel, particularly if it is in a septum or accompanied by an 
airway, is extremely helpful (and sometimes the only way) when 
separating pulmonary veins from pulmonary arteries. In mild 
pulmonary hypertension, the pulmonary arteries may appear 
histologically normal; in general, pressure measurements taken at 
catheterization are more reliable than histologic subtleties in 
determining the pressure and degree of pulmonary hypertension. 
Only plexiform lesions and dilatation lesions connote unequivocal 
pulmonary hypertension. Conversely, the presence of some degree 
of diffuse interstitial fibrosis or localized pulmonary scars is 
commonly associated with mural thickening of pulmonary vessels 
in the absence of pulmonary hypertension. 


Lymphatics and Lymphoid Tissue 


The lung is invested with a rich supply of lymphatics and lymphoid 
tissue. Lymphatic drainage is toward the hilum of the lung. Lymph 
fluid from the lower lobes tends to drain to infratracheal lymph 
nodes, with lymph fluid from the remaining portions of the lung 
draining to tracheobronchial lymph nodes. On the left side, the 
lymph fluid drains into the thoracic duct; and, on the right side, it 
drains into the right bronchomediastinal trunk. Both of these 
ultimately drain into the left and right subclavian veins, 
respectively. Lymphatic channels are found along bronchovascular 
structures and pulmonary veins and in the septa and pleura. 
Valves may be apparent in some sections. Lymphatics do not 
extend into alveolar walls. The lymphatics vessels are 
inconspicuous except in pathologic states, such as pulmonary 
edema or lymphangitic carcinoma. Lymphoreticular infiltrates and 


some pneumoconioses tend to be distributed along the lymphatic 
routes, but the lymphatic vessels themselves may not be 
prominent. 


Lymphoid tissue may be seen as small collections of lymphocytes 
along the lymphatic routes, especially branch points of the 
bronchovascular bundles; lymphoid tissue is generally absent or 
inconspicuous except in pathologic states. Lymphoid tissue along 
the airways is part of the diffuse mucosa-associated lymphoid 
tissue (MALT) and in the lung is referred to as bronchus-associated 
lymphoid tissue (BALT). Submucosal lymphoid tissue in the 
intermediate and small airways is associated with flattening and 
attenuation of the overlying respiratory mucosa 
(lymphoepithelium), which has increased HLA class II antigens. At 
these sites, B lymphocyte emperipolesis is common and is thought 
to reflect active antigen processing by the BALT. Bronchus- 
associated lymphoid tissue displays the same reactions observed 
in lymphoid tissue at other sites; for example, reactive hyperplasia 
and immunoblastic proliferation, which can be confused with 
lymphoreticular malignancies. 


Immunophenotypically the lymphoid tissue of BALT has an 
immunoarchitecture with four identifiable compartments, including 
B-cella€“rich follicles, B-cell follicular mantle and marginal zones, 
and T-cella€“rich interfollicular regions. A follicular dendritic cell 
network is present. Polyclonal plasma cells are identified in the 
perifollicular tissue. The finer details of the immunoarchitecture 
and the 
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immunophenotypic characterization of these cells are beyond the 
scope of this review. The follicles tend to be polarized into a 
darker side and a paler side, with the latter oriented toward the 
epithelial surface; BALT also shares features of MALT as seen at 
other sites. In normal adult lungs, BALT is rarely present, and its 
presence correlates with some form of chronic antigenic 
stimulation (32 ,33 ,34 ). According to Tschernig et al. (34 ), BALT 


is not present at birth but is found normally with increasing age, 
probably as a result of exposure to environmental antigens. After 
the individual has been exposed to most of the common antigens, 
the BALT regresses and dendritic cells in the airways assume the 
role of antigen uptake and presentation. Its reappearance in adults 
follows chronic antigen stimuli, such as chronic infection. 


As currently defined, BALT refers only to lymphoid tissue along the 
airways (35 ) and not to the lymphoid tissue that may be seen in 
the pleura and septa as part of diffuse lymphoid hyperplasia in the 
lung. Hyperplasia of BALT is frequently accompanied by lymphoid 
hyperplasia at these other sites. 


Intrapulmonary peribronchial lymph nodes are a normal finding, 
but peripheral intraparenchymal lymph nodes are less common; 
however, in smokers and others with high dust exposure, they are 
increasingly recognized (and biopsied) with current imaging 
techniques (36 ). Intrapulmonary lymph nodes are usually septal 
or subpleural in location (see below). Anthracosis and small 
amounts of silica and silicates in these nodes is common and 
nonspecific. 


Pleura 


The visceral pleura is composed of connective tissue, elastic 
tissue, and an outer mesothelial layer (Figure 18.12 ). The elastic 
tissue is often not a single layer, and several layers may be 
apparent. In pathologic conditions the elastic tissue may greatly 
increase. Elastic tissue stains are useful in assessing whether a 
given pathologic process, such as carcinoma, has transgressed the 
visceral pleura (37 ), but interpretation is difficult when the pleura 
is fibrotic and the elastic tissue is increased. Pleural assessment is 
important in separating T1 carcinomas from T2 carcinomas; the 
latter invade the visceral pleura (21 ). Lymphatic vessels that are 
continuous with those in the interlobular septa are also identifiable 
in the pleura. When the pleura is fibrotic and in foci of pleural 


adhesions, vessels may be thick and sclerotic or even 
pseudoangiomatous in appearance. Fatty metaplasia is often 
striking in foci of pleural and subpleural scarring. The visceral 
pleura often remains viable over pulmonary infarcts because it has 
a separate vascular supply. Submesothelial fibroblasts may 
undergo mesothelial metaplasia (and become _ cytokeratin- positive) 
in inflammatory conditions of the pleura. 


A 


Figure 18.12 Pleural elastic tissue (elastic stains). The pleura 
contains an elastic tissue membrane, which may appear as a single 
thin layer of elastic tissue (A ) or as a richer network with 
occasional elastic fibers distributed through the thickness of the 
visceral pleura (B. ). The field illustrated in (A) shows a normal 
lymphatic at the juncture between an interlobular septum and the 
visceral pleura. 


Special Stains and the Evaluation of 
Lung Histology 


While most diagnostic work in lung histology and pathology can be 
performed with routine hematoxylin-eosin (H&E) staining , there 
are a number of special stains that aid interpretation and or 
highlight findings. Elastic tissue staining is helpful in evaluating 
the pulmonary vasculature, airways, and pleura. Sometimes 


arteries and veins can be distinguished from each other with 
elastic tissue staining. Elastic tissue staining highlights damage to 
the intima and media that might not be apparent on H&E staining. 
Elastic 
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tissue stains are also useful in highlighting abnormalities of 
bronchioles and may confirm the bronchiolar or alveolar duct 
origin of small scars in cases of complete obliteration of the small 
airways. Elastic tissue staining is helpful in highlighting the pleural 
elastica and its relationship to tumors. 


Trichrome staining (or other stains highlighting connective tissues) 
may also be useful in highlighting normal and pathologic findings 
in the lung, but they do not provide quite as much information as 
elastic tissue stains. Trichrome staining may be useful in assessing 
the distribution and extent of fibrosis in fibrosing diseases. 
Reticulin stains and stains for collagen type IV may be used to 
highlight the reticulin network of the lung. This staining may be 
useful in research studies and in highlighting normal histology but 
is not generally useful in diagnostic surgical pathology of the lung. 


Immunostains for epithelial markers (such as EMA and cytokeratin 
stains) may be beneficial in atelectatic or fibrotic lung when it is 
difficult to appreciate the architectural features on H&E staining. 
Comparing these stains with stains for endothelial cells (such as 
CD31 or CD34) may provide an additional aid in assessing lung 
architecture and structural relationships. Use of CD31 may be 
somewhat confusing since alveolar macrophages frequently show 
prominent staining. Lymphoid tissue in the lung is assessed with 
the panoply of lymphoid markers used at other sites. Both CD3 
and CD20 are often useful to check the proportion and distribution 
of T and B cells, respectively. In general, most inflammatory 
conditions have a preponderance of T cells as the diffuse 
component of the infiltrates, with scattered B-cell follicles. In 
lymphoproliferative conditions, cytokeratin staining highlights 
lymphoepithelial lesions. Both S-100 and CDla are useful in 


identifying Langerhans cells; the latter stain is much more 
specific. 
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Figure 18.13 Wedge lung biopsy. A. This stylized diagram is used 
to depict anatomic landmarks. Structures depicted in (A) can be 
appreciated in an actual wedge biopsy specimen (B ). 


Mesothelial cells lining the pleura typically stain with calretinin, 
cytokeratin 5/6, and WT-1 (nuclear positivity). 


Pattern Recognition Based on Normal 
Anatomic Landmarks 


It is useful to define pathologic conditions in the lung in relation to 
normal anatomic landmarks (Figure 18.13 ). This can usually be 
done with diffuse diseases and often with localized processes. 
Such an exercise in diffuse lung disease is extremely useful in 
correlation with gross findings, as well as with high-resolution 
computed tomography (HRCT) scanning (38 ). Histologic patterns 
and their corresponding HRCT patterns can be recognized and are 
shown in Table 18.5. 


It is apparent that there is close correlation (but not a 1:1 
relationship) between histology and HRCT. With some 

communication between the pathologist and the radiologist, 
is a significant mutual appreciation for the similarity of the 
abnormalities seen. In this regard, the pathologist may be 
Significantly aided by HRCT findings, 
distributions that might not be apparent in biopsy material 
because of such things as the size of the biopsy (e.g., 

transbronchial biopsy) or sampling 


biopsies). 


Broncho/bronchiolocentric 
Centrilobular 
Bronchovascular 

Nodular 

Angiocentric 
Bronchovascular (arterial) 
Interlobular septal (venous) 
Pleural/subpleural 
Pleural/subpleural 
Lymphatic 
Bronchovascular 
Interlobular septal 
Pleural 

Peripheral acinar 
Subpleural peripheral distribution 
Septal 

Septal 

Random nodular 

Random nodular 
Parenchymal consolidation 
Consolidation, ground glass 
Diffuse interstitial 


which may suggest 


issues (nonrepresentative 


(paraseptal) 
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Diffuse interstitial, ground glass 

Mixed and unclassified 

Mixed/unclassifiable 

*Modified from: Colby TV, Swensen SJ. Anatomic distribution at 
histopathologic pattern in diffuse lung disease: correlation with 
HRCT. J Thorac Imaging 1996;11:1a€“26. 


Histologic Radiologic (HRCT) 


Table 18.5* Corresponding Histologic and Radiologic 
Patterns 


Site-Related Changes Commonly Seen 
in Surgical Pathology Material 


Site specific changes that may be primary lesions or incidental 
findings in surgical material are shown in Table 18.6. 


Biopsies from lobar tips, particularly from the lingula or right 
middle lobe, may show incidental inflammatory and fibrotic 
changes (39 ), including interstitial fibrosis, epithelial metaplasia, 
and even focal honeycombinga€”all of which may not be 
representative of a diffuse process. Myointimal proliferation is 
common in the arteries and veins of these biopsies. The airspaces 
may contain aggregates of macrophages and neutrophils. Because 
of their accessibility, these sites are often biopsied. Incidental 
changes in lobar tips are usually obvious as such, since the more 
proximal lung tissue is either not affected or significantly less 
affected. Thus, in evaluation of lobar tip wedge biopsies, the 
findings of greatest significance are often in the more proximal 
portions of the specimen. Nonspecific inflammatory changes in 
lobar tips become a problem in small wedge biopsies, particularly 
those that are 2 cm or less in greatest dimension. Since lobar tips 
are so readily accessible to the surgeon, it is difficult to discourage 


surgeons from biopsying them. If possible, such biopsies should be 
at least 3.0 cm in greatest dimension. The possibility of middle 
lobe syndrome (which may affect the lingula, the right middle 
lobe, or both) (40 ,41 ) should be considered for persistent 
infiltrates in these sites. 


Inflammatory changes at lobar tips, especially lingula and right 
middle lobe 

Apical caps: pleural and subpleural fibrosis in the apex and the 
upper lobes and superior segments of the lower lobes 

Upper lobe centriacinar emphysema 

Visceral pleural/subpleural fibrosis (a€oesubpleural blebsa€e ) 


Table 18.6 Site-Specific Changes in Lung Tissue 


Apical caps (Figure 18.14 ) were once thought to be the result of 
healed tuberculosis, but they are common in patients who have 
never had tuberculosis; they are now thought to be an ischemic 
alteration related to their apical position (42 ,43 ). Apical caps are 
best known in the apex of the upper lobe, but they are also 
encountered in the upper regions of the lower lobe (44 ). Apical 
caps are regions of fibrosis in the pleura and subpleural lung 
parenchyma that 
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are rich in thickened elastic fibers; the background structure of 
collapsed alveolar walls and interposed eosinophilic collagen can 
often be discerned in the tissue; elastic tissue stains enhance 
these features. Ossification and nests of metaplastic pneumocytes 
may be present. The changes are sufficiently distinctive that apical 
caps can often be suspected histologically, even when one does 
not know the site of origin; even so, any ancient lung scar may 
sometimes show a similar elastotic appearance. Apical caps in 
older individuals are sometimes biopsied or resected to exclude a 


carcinoma or a visceral pleural tumor (44 ). 


Figure 18.14 Apical cap. A. Apical caps are found at the apex of 
the upper lobe, as well as the apex of the lower lobe. They 
represent regions of pleural and subpleural thickening by elastotic 
fibrous tissue that may be grayish or eosinophilic in appearance. 
B. Higher power sometimes shows a rich elastic tissue network 
that appears to highlight alveolar wall structure; some anthracotic 
pigmented is also noted. 
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Figure 18.15 Subpleural emphysematous change in smoking. A. 
There is simplification of airspaces. B. Some of the alveolar walls 
show mild fibrosis with hyaline appearing collagen. Occasional 
clusters of pigmented alveolar macrophages are also noted. 


Centriacinar (centrilobular) emphysema is a pathologic 
abnormality that is more common and more severe in the upper 
lobes (45 ); it is found predominantly in cigarette smokers and is a 
common finding in lobes resected for bronchogenic carcinoma. 
Emphysematous changes are frequently accompanied by some 
degree of fibrosis, particularly when bullous change is present. The 
fibrosis tends to appear as strands of dense, hypocellular, brightly 
eosinophilic collagenous septa traversing the emphysematous 
Spaces. Anthracosis is also a common finding in smokers and 
urban dwellers. Focal pleural and subpleural fibrosis (Figure 18.15 
) is extremely common, especially as an incidental microscopic 
finding in lobar resections from smokers (46 ); abnormal airspaces 
formed by irregular fibrous septa are accompanied by smooth 
muscle hyperplasia, mucostasis, and bronchiolar metaplasia. 


Figure 18.16 Pneumothorax. A. So-called da€oesubpleural 
blebsa€* are thought to predispose to pneumothorax. These are 
regions of pleural and subpleural scarring with abnormal airspaces 
somewhat reminiscent to smoking-related changes (also Figure 
18.15 ). B. Pneumothorax is often associated with a pleural 
reaction (top ), which has been labeled eosinophilic pleuritis 
because of the association of eosinophil infiltrate and mesothelial 
and macrophage reaction on the pleural surface. 


Subpleural blebs (Figure 18.16 ) are often the only pathologic 
change found in patients with recurrent pneumothoraces and who 
don't have diffuse lung disease (47 ). These are typically evident 
in the upper lobes. By convention, blebs are defined as being less 
than 1.0 cm in diameter and some are derived from air dissection 
into the visceral pleura; bullae are 1.0 cm or greater in diameter 
(48 ). 


Their rupture introduces air into the pleural space, inciting a 
mesothelial proliferation with numerous macrophages, giant cells, 
and eosinophils (referred to as eosinophilic pleuritis), and this 
reaction may accompany any condition that is associated with 
pneumothorax (49 ). Collections of interstitial air in the lung 
tissue, with or without giant cell and/or eosinophilic reaction, may 
be an accompanying finding. Focal subpleural scarring can usually 
be distinguished from chronic fibrosing interstitial pneumonias by 
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its restriction to the subpleural region, lack of active fibroblastic 
proliferation, and the relative abrupt transition to normal alveolar 
walls. Clinical history and radiographic findings may also be 
Supportive. When an interstitial lung disease such as pulmonary 
Langerhans cell histiocytosis (eosinophilic granuloma) or 
lymphangioleiomyomatosis has resulted in pneumothorax, both the 
primary process and the secondary eosinophilic pleuritis may be 
recognizable on the biopsy. 


Adhesions between the pleura and chest wall are composed of 
fibrovascular tissue with pockets of bland mesothelial cells and are 
identical to their peritoneal counterparts. The adhesions identified 
in surgical specimens and even autopsy tissue often have no 
obvious cause and represent an incidental finding. Dense, 
hyalinized fibrotic pleural (visceral or parietal) plaques (50 ,51 ,52 
) are the consequence of a variety of prior inflammatory events. 
Their presence bilaterally often is an incidental finding; and, if 
there is no obvious inflammatory cause, prior asbestos exposure is 
likely (53 ). 


Artifacts Seen in Lung Biopsy and 
Resection Material 


Artifacts related to lung biopsy of prior procedures are described 
in Table 18.7. 


Knowledge of the clinical course of events prior to lung biopsy 
usually allows the pathologist to avoid misinterpreting changes of 
prior instrumentation. Previous bronchial biopsies may cause 
hemorrhage, airway inflammation, ulceration, and a granulation 
tissue reaction. Strips of epithelium may be dislodged by 
mechanical trauma and embedded in inspissated mucus; residual 
basal cells may be all that is left adhering to the basement 
membrane. Bronchoalveolar lavage can produce vacuolation of 
alveolar pneumocytes and macrophages. Previous needle biopsies 


may induce necrosis and hemorrhage in the parenchyma, followed 
by organization and reactive epithelial atypia (Figure 18.17 ). 
Patients who have been on positive-pressure ventilation (Figure 
18.18 ) may have disproportional bronchiolar and alveolar duct 
distension, especially when high inspiratory pressures are used in 
the adult respiratory distress syndrome (ARDS). Some associated 
acute inflammatory exudate in the lumen is common, often with 
relative absence of associated inflammation in the airway wall or 
Surrounding alveolar spaces. 


e Changes related to prior instrumentation including 
bronchoscopy, bronchoalveolar lavage, needle aspiration, and 
ventilatory assistance 

e Compression/atelectasis; pseudolipoid change (a€cebubble 
artifacta€e ) 

e Hemorrhage/ inflammatory changes 

Septal edema; lymphatic dilatation 

Material from surgical gloves (e.g., talc and starch) 

e Inflation-induced alveolar distension resembling emphysema 

and patchy atelectasis in underinflated zones 

Sponge artifact 


Table 18.7 Artifacts Seen in Lung Biopsies and Resections 


Figure 18.17 Needle tract to a small peripheral adenocarcinoma. 
The biopsy had been performed a week earlier, and the needle 
tract shows evidence of hemorrhage, necrosis, organization, and 
epithelial | regeneration. 
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Figure 18.18 Ventilator-associated changes. Common changes in 
the setting of positive-pressure ventilator therapy include 
distension of bronchioles, flattening of their epithelium, and an 
acute inflammatory exudate in the lumen with minimal change in 
the surrounding alveolar wall. 


Figure 18.19 Bubble artifact. A. This fragment from a 
transbronchial biopsy shows compression and atelectasis (left ) 


with some recognizable alveolar walls (right ). The rounded spaces 
represent bubble artifact, which is common in such compressed 
biopsies. B. Sponge artifact is illustrated. Note the marked 
irregularity of the space corresponding to the irregular surface of 
sponges used in cassettes. 
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Compression of the lung tissue, particularly in transbronchial 
biopsies, may produce rounded spaces in alveoli that resemble fat 
vacuoles and can easily be mistaken for exogenous lipoid 
pneumonia (Figure 18.19 ). This artifactual change, often called 
bubble artifact (54 ,55 ), can be recognized because there are no 
macrophages or giant cells with small intracytoplasmic lipid 
vacuoles (all the vacuoles are extracellular), and there is usually 
little fibrosis, which is a constant feature of chronic exogenous 
lipoid pneumonia. 


Compression of airways produces crinkling and telescoping of the 
epithelium, similar to that seen in endometrial biopsies. 
Sometimes entire strips of mucosa are displaced into the 
bronchiolar or alveolar spaces. 


Compression-induced nuclear smearing artifact can be produced in 
any cellular tumor and even in reactive lymphoid tissue in the 
bronchial mucosa or biopsies of hilar or mediastinal nodes. The 
resulting changes may suggest small cell carcinoma. Reactive 
lymphoid follicles, lymphomas, and carcinoid tumors may be 
extremely difficult to distinguish from small cell carcinoma when 
this phenomenon is present. Recognition of these diagnostic 
pitfalls, examining multiple levels (especially at the periphery), 
and enlisting the aid of concomitant cytology specimens and 
immunohistochemistry allows resolution of most cases. In rare 
instances, rebiopsy may be necessary. 


Atelectasis may be encountered in all types of lung biopsies since 
lung tissue is soft and readily compressible (54 ,55 ). It is 


particularly common in video-assisted thoracic surgical wedge 
biopsies because this procedure requires that the lung be 
collapsed and samples may become further compressed during 
retrieval through a small hole in the chest wall (56 ). Atelectasis 
may also be encountered in biopsies inflated by the pathologist 
when not all lobules uniformly inflate. This phenomenon may be 
misinterpreted as interstitial pneumonia or interstitial fibrosis 
because the apposition of alveolar walls produces apparent 
scarring and hypercellularity (Figure 18.20 ). With experience, this 
change can be recognized on routine H&E sections; connective 
tissue stains show an absence of scarring and a normal 
background of supporting fibrous tissue along vessels and in 
septa. In atelectatic lung, the vessels and septa may appear to 
have more collagen than normal and to be thickened because they 
are contracted and shortened. Careful assessment of the nuclei in 
atelectatic lung shows that most 
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are endothelial or epithelial in origin, rather than inflammatory. 
Leukocyte common antigen immunostaining and 
immunohistochemical stains for other lymphoid markers may be 
useful in this setting. It is also unusual in open biopsies (and 
larger specimens) for the entire specimen to be uniformly 
atelectatic; and, therefore, a low-power survey of the entire 
pattern generally helps one appreciate atelectasis merging with 
more normal lung. In fact, when significant fibrosis is present 
(usually associated with foci of honeycombing), atelectasis is 
rarely a problem because the more rigid fibrotic lung tissue tends 
to retain its configuration. 
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Figure 18.20 Atelectasis. Careful examination shows that 
recognizable alveolar walls can be traced into the region of 
atelectasis (lower right ) and that the process stops somewhat 
abruptly at an interlobular septum that courses diagonally across 
the field (lower left to upper right ). 
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Figure 18.21 Traumatic hemorrhage. The right side of the field 
shows extensive hemorrhage into alveolar spaces, whereas the 
tissue on the left shows a complete absence of hemorrhage. There 
is also dissection of red blood cells into the interlobular septal 
region (center ). Such a well-demarcated focus of hemorrhage and 
dissection of red blood cells into connective tissue would be very 
unusual in a diffuse alveolar hemorrhage syndrome. The findings 
are typical of traumatic hemorrhage. 


a 


Fresh intra-alveolar hemorrhage due to the trauma of surgery is 
extremely common in biopsy material and should not be 
overinterpreted as pathologic (Figure 18.21 ). In fact, hemorrhage 
related to the trauma of the procedure is the most common cause 
of fresh blood in alveolar spaces. One can approach this problem 
from three points of view: the statistical, the histologic, and the 


clinical. Statistically, the vast majority of cases of fresh alveolar 
hemorrhage are traumatic since pathologic alveolar hemorrhage is 
relatively uncommon; thus, in any given case, acute hemorrhage 
is unlikely to be significant. When pathologic hemorrhage is 
present, there is usually (but not always) an associated fibrinous 
exudate or hyalin membranes, obvious distention of alveoli with 
blood, and evidence of prior hemorrhage manifested by 
hemosiderin-filled macrophages in the interstitium or airspaces. 
This last finding is not a reliable histologic criterion in patients 
who have been smokers and those with venous obstruction or 
chronic passive congestion. 


The most common cause of macrophages staining positively with 
iron stains is respiratory bronchiolitis in smokers (Figure 18.22 ). 
The hemosiderin in smoker's macrophages is finely granular, in 

contrast to the coarse, dark blue staining in chronic hemorrhage 
as highlighted by the Prussian blue histochemical stain for iron. 

Nevertheless, it is surprising how many darkly staining Prussian 

bluea€“positive cells can be seen in smokers. 


Finally, the clinician can usually confirm whether an alveolar 
hemorrhage syndrome or alveolar hemorrhage due to some other 
cause (e.g., cardiac) is in the realm of possibility in any given 
patient. 


Prolonged surgical manipulation of the lung, and even multiple 
transbronchial biopsies, can lead to margination of neutrophils in 
capillaries (especially those in the pleura), which mimics 
capillaritis (56 ). Capillaritis is usually associated with some 
evidence of an alveolar hemorrhage syndrome or other clinical or 
histologic features of a vasculitic syndrome (such as vascular 
necrosis, karyorrhexis, and fibrin thrombi). It is distributed 
throughout a biopsy and is not limited to those regions 
manipulated during surgery. Clamping of the biopsy specimen prior 
to removal can result in lymphatic obstruction, dilatation, and 
septal edema. 


Lung pathologists are divided on the issue of inflation fixation of 
biopsy specimens. This can be easily accomplished with a syringe 
filled with formalin and a fine gauge needle. Careful inflation of a 
lung biopsy specimen (57 ) may be helpful diagnostically and is 
aesthetically pleasing since the lung architecture is more easily 
appreciated (and particularly amenable to photography). A heavy 
hand can create overdistension of the alveoli and an 
emphysematous appearance. If this occurs, clinical correlation 
may be required to assess whether emphysema is actually a 
clinical consideration. Patchy atelectatic (uninflated) portions of 
lung tissue are common in biopsies that have been nonuniformly 
inflated. One problem that may be encountered in inflated biopsies 
is that cells and fluid may be a€cewashed outa€* of the airspaces. 
This is especially true of smoker's (respiratory) bronchiolitis, 
which may be quite subtle in inflated specimens. A practical 
compromise to the issue of whether or not to inflate wedge 
biopsies was proposed by Dr. Lewis Woolner at the Mayo Clinic 
several decades ago (personal communication). One takes a wedge 
biopsy (even specimens from which tissue has been taken for 
studies such as frozen section) and simply places it in a closed 
container of formalin and shakes it up for a few seconds. This 
simple procedure allows the tissue to inflate somewhat on its own 
and the resultant histologic sections are remarkably good. 


Video-assisted thoracic surgical (VATS) lung biopsies 
(thoracoscopic biopsies) have largely replaced traditional open 
lung biopsy as the diagnostic procedure for obtaining wedge 
biopsies of lung tissue for histologic evaluation. Although there are 
minor disadvantages in comparison to traditional open lung biopsy, 
diagnostic accuracy does not appear to be compromised (56 ,58 
,59 ,60 ). Allowing for the 
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fact that bimanual palpation is not as feasible with VATS biopsies, 
and that the tissue is forcibly pulled through a small hole in the 
chest wall, it is remarkable that sampling error and specimen 


artifacts are only a minor problem. The specimen size approaches 
that achieved with traditional open lung biopsy, and the minor 
degrees of hemorrhage, atelectasis/overinflation, and neutrophil 
margination represent artifactual changes that do not compromise 
diagnostic accuracy (56 ,58 ,59 ,60 ). 
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Figure 18.22 Respiratory bronchiolitis. A respiratory bronchiole 
(A ) shows an accumulation of pigmented macrophages in the lung 
with slight associated interstitial widening. The macrophages have 
a slight tan-brown appearance, contain flecks of dark material (B 
), and are positive with Prussian blue staining (C ) with a fine 
granularity. 


Plastic sponges are often put in cassettes to ensure that small 
specimens are not lost during processing. Sponge artifact, with 
triangular a€ceholesa€* in the tissue, is a well-known artifact in 


any tissue that is processed this way, particularly if it is placed on 
the sponges prior to complete formalin fixation (55 ). 


Incidental Findings in Lung Biopsy and 
Resection Tissue 


There are a number of incidental findings in lung tissue that may 
not be related to the primary process that prompted the biopsy or 
resection (Table 18.8 ). Sometimes these da€oeincidentala€s 
findings are of clinical and pathologic significance, and other times 
they are of no significance. Correlation of the individual finding(s) 
with the clinical and radiologic presentation helps to determine 
their significance. 


Findings related to smoking and emphysema are extremely 
common, especially in lungs resected for bronchogenic carcinoma 
(46 ). They may be divided into three broad groups: large airway 
changes, small airway lesions, and abnormalities of the alveolar 
parenchyma. 


In the large airways, one sees goblet cell hyperplasia, squamous 
metaplasia (with or without dysplasia), basement membrane 
thickening, hypertrophy and hyperplasia of bronchial glands with 
dilated ducts and mucostasis, and, often, a mild submucosal 
chronic inflammatory infiltrate (45 ,48 ). 


The changes in the small airways may be quite dramatic and may 
mimic or even produce an interstitial lung disease (46 ,61 ,62 ). 
Smoking-induced respiratory bronchiolitis (Figure 18.22 ) includes 
goblet cell metaplasia, a mild inflammatory infiltrate in the airway 
walls, metaplasia of type II cells in the surrounding alveoli, mild 
peribronchiolar 
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fibrosis, and prominent accumulations of pigmented macrophages 
in adjacent airspace and the bronchiolar lumen. The pigmented 
macrophages (smokers' macrophages) contain phagocytosed 


debris from inhaled cigarette smoke and have prominent 
secondary lysosomes in their cytoplasm. This results in a dirty 
granular-tan or brown appearance to the cytoplasm. They contain 
PAS-positive (lysosomes) and finely granular Prussian 
bluea€“positive (hemosiderin) material, as well as tiny, irregular 
flecks of brown-black material. 


Effects of smoking: emphysema, chronic bronchitis, respiratory 
(smoker's bronchiolitis, intraparenchymal lymph nodes) 
Changes of asthma 

Ossification and marrow formation in bronchial cartilages, 
bronchial submucosal fatty infiltration, and elastotic change 
Parenchymal nodules 

Carcinoid tumorlets; DIPNECH (see text) 

Minute (meningothelial-like nodules) pulmonary chemo- 
dectomas 

Atypical adenomatous hyperplasia (AAH) 

Healed granulomatous disease, infarcts, etc. 
Hamartomas 

Focal scars 

Occasional (anthraco-) silicotic nodules (in the absence of 
clinical/radiologic pneumoconiosis) 

Metaplastic bone 

Intrapulmonary lymph nodes 

Small carcinomas (and other tumors) 

Multifocal micronodular pneumocyte hyperplasia (MMPH) 
I ntracellular/intra-alveolar/interstitial structures 
Macrophages 

Corpora amylacea 

Blue bodies 

Schaumann bodies 

Asteroid bodies 

Calcium oxalate crystals 

Mallory's hyalin-like material in type II cells 

Ferruginous bodies 


Anthracotic pigment/birefringent material (including silica and 
Silicates) 

Metaplastic bone 
Epithelioid and/or cholesterol granulomas, giant cells, 
lipogranulomas 
Intravascular/vascular 

Megakaryocytes 

Thrombi (mimic emboli) 

Bone marrow emboli 

Calcification and iron encrustation of the elastic tissue 
Senile amyloid 

Foreign material 
Interstitial air in the lung parenchyma 
Hilar/peribronchial lymph nodes 

Sinus and _ paracortical histiocytes (may simulate granulomas) 
Occasional silicotic or anthracosilicotic nodules 
Anthracosis/birefringent material 

Hamazaki-Wesenberg bodies 
Pleural adhesions; hyalin pleural plaques 


Table 18.8 Incidental Findings in Lung Taua 


The smoking-related changes in the most distal pulmonary 
parenchyma usually manifest as centriacinar emphysema with 
airspace enlargement and loss of alveolar walls (45 ,48 ). 
Histologic quantification of emphysema on biopsy material is 
difficult, although one can often determine whether it is present 
and subjectively quantify it. Bullous emphysema (with abnormal 
airspaces greater than 1 cm in diameter) is more common in the 
upper lobes and is usually associated with some fibrosis in the 
septa of the bullae and adjacent alveolar walls. The fibrosis is 
relatively acellular, noninflammatory, eosinophilic, and poorly 
vascularized. Metaplasia or ulceration of the epithelium and 
interstitial dissection of air occur in bullae and may induce a giant 


cell response analogous to that seen in persistent interstitial 
emphysema. 


Asthmatics are predisposed to a number of lung conditions that 
may lead to lung biopsy, although the asthmatic changes 
themselves may not be the dominant lesion. These airway changes 
include goblet cell metaplasia in the airway epithelium, thickening 
of the basement membrane and submembranous region, smooth 
muscle hypertrophy and hyperplasia, lymphoid hyperplasia, and a 
variable infiltrate of eosinophils, lymphocytes, and a few 
neutrophils, and fibrous tissue in the wall (45 ,48 ). Mucostasis 
(including Curschmann's spirals) may be an accompanying feature; 
but, when mucostasis is extensive and is associated with sloughing 
of epithelial fragments into the airways (creola bodies), one should 
suspect that the asthma itself is the main lesion. Such an 
appearance is typical of status asthmaticus. Some distal 
atelectasis with a few airspace macrophages and eosinophils may 
also be seen. In patients with quiescent asthma or past history of 
asthma, the airways may be entirely normal or show only minor 
inflammatory or fibrotic changes. 


Metaplastic bone, including bone marrow and calcification, is an 
aging change that is occasionally seen in bronchial cartilages (63 
). Metaplastic bone may also be seen in regions of scarring 
(dystrophic ossification), particularly in apical caps. Small bony 
nodules may also be seen with no apparent associated pathologic 
changes. In some older individuals with chronic bronchitis, the 
bronchial submucosa may have a gray elastotic appearance, 
particularly in bronchoscopic biopsies. 


Carcinoid tumorlets (64 ,65 ,66 ,67 ), now referred to simply as 
tumorlets, and minute pulmonary meningothelial-like nodules (67 
,68 ,69 ) are nodular proliferations that are quite common. They 
may be mistaken for each other, other lesions, or even 
metastases. Tumorlets (Figure 18.23 ) represent well- 
circumscribed proliferations of neuroendocrine cells that usually 


occur around and within the walls of small airways, particularly in 
scarred or bronchiectatic airways, and in a small number of 
patients with airflow destruction. They lack mitotic figures and 
necrosis; and, while there is a superficial resemblance to small cell 
carcinoma, they are actually more similar to spindle cell carcinoid 
tumors. In frozen sections, 
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tumorlets may be mistaken for other lesions, particularly 
metastases. This confusion is compounded by the fact that 
sometimes tumorlets have cellular clusters at the periphery that 
retract from the surrounding stroma, simulating lymphatic or 
airspace invasion. 


Figure 18.23 Tumorlet. A. Tumorlets are typically discrete 
nodules that are bronchiolocentric. The bronchiole is not apparent 


in A because it has been overrun by the proliferation, but the 
adjacent pulmonary artery is identifiable. B. Cytologically, 
tumorlets have a neuroendocrine appearance with nests of cells 
with granular chromatin and absence of necrosis and significant 
mitotic activity. The nests are often embedded in a fibrous stroma, 
and some of them may appear to float freely in airspaces or 
Spaces that resemble lymphatics. C. Neuroendocrine markers, such 
as chromogranin, are strongly positive. 


Tumorlets are often multiple; some may become large enough to 
be recognized radiographically and to be removed to exclude 
carcinoma. Exactly where one draws the line between a carcinoid 
tumorlet and a carcinoid tumor, particularly in cases with multiple 
lesions, is quite arbitrary, although a cutoff point of 0.5 cm 
diameter or larger for carcinoid tumor is reasonable (41 ). 


Diffuse intrapulmonary neuroendocrine cell hyperplasia (DIPNECH) 
is closely related to tumorlets, and the two often coexist (67 ). 
Arbitrarily, DIPNECH is defined as a proliferation of 
neuroendocrine cells limited to the bronchiolar epithelium. 
According to the World Health Organization (WHO), DIPNECH is 
defined as a€cea generalized proliferation of scattered single cells, 
small nodules (neuroendocrine bodies), or linear proliferations of 
pulmonary neuroendocrine cells (PNCs) that may be confined to 
the bronchiole and bronchiolar epithelium, include local 
extraluminal proliferation in the form of tumorlets, or extend to 
the development of carcinoid tumorsa€* (67 ). When this 
proliferation expands and goes beyond the bounds of bronchioles, 
the designation of tumorlet is appropriate. Tumorlets are most 
frequently encountered as isolated or occasionally multiple 
nodules. When DIPNECH is encountered, usually multiple airways 
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are involved, and the patients may have evidence of airflow 
obstruction (67 ). Similarly, the presence of multiple tumorlets 
(and multiple carcinoid tumors) should prompt one to search for 


evidence of DIPNECH and to consider the possibility of clinical 
evidence of airflow obstruction (70 ). 


Figure 18.24 Minute pulmonary meningothelial-like nodule. These 
small parenchymal nodules are sometimes associated with 
pulmonary veins. A. They are associated with syncytial appearing 
cells in a collagenous stroma. B. Cytologically, they bear a distinct 
resemblance to meningothelial cells. 


Minute pulmonary meningothelial-like nodules (formerly called 
minute pulmonary chemodectomas) (Figure 18.24 ) were originally 
thought to represent an intrapulmonary proliferation of perivenular 
chemoreceptor cells (67 ,68 ,69 ). However, the accumulated 
evidence suggests that the cellular constituents are more closely 
related to meningothelial cells (67 ,68 ,69 ). A study by lonescu et 
al. (71 ) showed that meningothelial-like nodules were almost 
uniformly positive for vimentin, about one-third stain for EMA, and 
they are negative with cytokeratin and synaptophysin by 
immunohistochemistry. In a genotypic study, some loss of 
heterozygosity was demonstrated by the same authors, and this 
was more common and affected more loci in cases of multiple 
meningothelial-like nodules in comparison to cases with solitary 
meningothelial-like nodules (71 ). The authors concluded that 
isolated meningothelial-like nodules were probably reactive, that 
cases of multiple meningothelial-like nodules might represent a 


transition from a reactive to a neoplastic proliferation, and that 
meningothelial-like nodules were different from meningiomas 
based on the major molecular events and their formation and 
progression (71 ). Minute pulmonary meningothelial-like nodules 
are composed of interstitial clusters of fusiform cells with pale 
eosinophilic cytoplasm, forming small stellate nodules 
(occasionally grossly appreciable) near small veins. Their location 
and characteristic bland cytology resembling meningothelial cells 
are very distinctive. 


Atypical adenomatous hyperplasia (AAH) is a proliferative 
epithelial process occurring as small nodular lesions in the lung 
parenchyma (Figure 18.25 ). These were first recognized in 
resection specimens for carcinoma and named bronchioloalveolar 
cell adenomas (72 ). Miller found these lesions in 23 (10.74%) of 
247 consecutive resection specimens for carcinoma (72 ). They are 
most easily recognized grossly in cases that are inflated with 
Bouin's fixative. The WHO defines AAH as a€cea localized 
proliferation of mild to moderately atypical cells lining involved 
alveoli and, sometimes, respiratory bronchioles, resulting in focal 
lesions in peripheral alveolated lung, usually less than 5 mm in 
diameter and generally in the absence of underlying interstitial 
inflammation and fibrosisa€* (67 ). The lesions are considered a 
precursor to some nonmucinous bronchioloalveolar carcinomas and 
mixed-type adenocarcinomas; and the evidence supporting this is 
epidemiologic, morphologic, morphometric, cytofluorometric, and 
genetic. Atypical adenomatous hyperplasia generally represents an 
incidental histologic finding (rare cases have been identified 
radiologically) and is found in 2 to 4% of routine autopsies of 
noncancera€“bearing patients and up to 35% of lobectomies for 
adenocarcinoma of the lung. In general, we advocate a 
conservative approach to these lesions, since: (a) there are many 
causes of type II cell proliferation, and many of them are reactive; 
(b) there are no studies documenting the pathologic progression of 
AAH to bronchioloalvoelar carcinoma (BAC)a€”or studies that 


document how long such a progression takes); and (c) no studies 
exist showing what percent of lesions of AAH progress to 
carcinoma. 


Focal scars (see following), healed granulomatous disease, and 
organized infarcts are among other incidental nodular lesions 
occasionally encountered in the lung. Early infarcts have a wedge 
Shape with hemorrhagic necrosis, and the overlying pleura is 
viable with a fibrinous pleuritis. They often also have a rim of 
granulation tissue. Older infarcts are often rounded and have a rim 
of fibrous tissue; they can even be mistaken for healed 
granulomas. Necrotic tumor nodules sometimes mimic infarcts. 
Squamous metaplasia is 
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common in the airspaces adjacent to organizing infarcts and 
around bronchioles in organizing diffuse alveolar damage; it may 
be sufficiently exuberant to be mistaken for a neoplastic process. 
A single anthracosilicotic nodule is an occasional finding that may 
be accepted as incidental and insignificant if there is no clinical or 
radiologic evidence of pneumoconiosis. When silicotic nodules are 
multiple, the occupational history and the possibility of 
pneumoconiosis should be explored. 
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Figure 18.25 Atypical adenomatous hyperplasia (AAH). A. In this 
well-inflated specimen, a 2 to 3 mm diameter lesion is apparent as 


Slight alveolar septal thickening and a proliferation of knob-shaped 
cells along alveolar walls. B. Cytologically, the cells lining the 
alveoli have mild to moderate atypia but lack the crowding and 
marked atypia associated with bronchioloalveolar carcinoma. Some 
nuclear inclusions characteristic of type II cells are also apparent 
(lower left ). 


Although extensive parenchymal scarring is usually a pathological 
process, focal scars a few millimeters in diameter are a common 
incidental finding in biopsy material. One distinctive form of scar 
that is frequently observed (and may be identifiable as 2a€“3 mm 
centrilobular nodules in CT scans) consists of scars centered on 
alveolar ducts in the periphery of the lung, particularly common in 
(ex-) smokers (Figure 18.26 ). They are round or somewhat 
stellate in character and have numerous fascicles of smooth 
musclea€”and thus sometimes have been confused with primary 
muscle proliferations such as lymphangioleiomyomatosis. There 
are a number of histologic changes that accompany pulmonary 
scarring, regardless of cause. These include vascular intimal and 
medial thickening, sometimes to the point of luminal occlusion 
(endarteritis obliterans); smooth muscle and myofibroblastic 
hyperplasia in the interstitium; metaplasia and hyperplasia of type 
II cells or bronchiolar-type epithelium (peribronchiolar 
metaplasia); accumulations of intra-alveolar macrophages and 
mucostasis; carcinoid tumorlets (particularly along scarred small 
airways); dystrophic calcification or ossification; microscopic 
pericicatricial emphysema; and metaplastic adipose tissue in the 
pleural and peribronchial regions. The proliferation of type II cells 
associated with scars may be 
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confused with bronchioloalveolar carcinoma. Bronchioloalveolar 
carcinoma generally has uniform dense cellularity and cellular 
crowding with abrupt transition to normal alveolar walls, 
Significant cytologic atypia, and lack of ciliated cells. Although AAH 


tends to have relatively little interstitial widening and fibrosis, AAH 
enters into the differential diagnosis in this situation. 


a * dete te 
Figure 18.26 Incidental parenchymal scar. These are typically 


subpleural and appear to center on alveolar ducts (A ) and 
commonly have fascicles of normal appearing smooth muscle (B ). 
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Figure 18.27 Ossification. An incidental focus of pulmonary 
ossification is noted; tissue is from a patient with usual interstitial 


pneumonia. 


In rare instances, mature bone is observed in normal alveoli; it 
may represent the residue of an organized airspace exudate from 
chronic passive congestion of mitral stenosis or an ancient 
organized pneumonia (73 ). Extensive dystrophic ossification (and 
rarely calcification) occasionally accompanies lesions with diffuse 
pulmonary fibrosis (Figure 18.27 ) (74 ). Focal dystrophic 
ossification is a common finding in focal lung scar, regardless of 
Cause. 


Intrapulmonary lymph nodes (Figure 18.28 ) are not uncommonly 
encountered in wedge biopsies. They vary from loosely organized 
microscopic foci of lymphoid tissue to fully developed lymph nodes 
identified grossly or radiologically. 


Micronodular pneumocyte hyperplasia (MNPH) is defined by the 
WHO (1999) as â€œa multifocal micronodular proliferation of type 
II cells with mild thickening of the interstitiuma€* (Figure 18.29 ) 
(67,75 ). This condition is rare and generally an incidental finding 
in a biopsy taken for another lesion (usually 
lymphangioleiomyomatosis). Rarely, MNPH is the sole lesion 
present, and the lesions may be sufficiently large to be identifiable 
on CT scans as multiple small nodules. The lesions are typically 
less than 5 mm in size. They can usually be distinguished from 
AAH and other causes of alveolar cell hyperplasia by their distinct 
rounded nodular character at scanning microscopy, the large 
plump eosinophilic type II cells lacking significant atypia, the 
Slight interstitial collagen deposition within the lesions, and the 
presence of airspace histiocytes in the regions of the nodules. 


Figure 18.28 Intrapulmonary lymph node. There is a relatively 
large lymph node that appears to be within or adjacent to an 
interlobular septum in a wedge biopsy from peripheral lung. 
Reactive follicles are apparent even at scanning power microscopy. 
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A number of intra-alveolar and intracellular structures are seen in 
the lung. Small numbers of intra-alveolar macrophages are a 
normal finding, and an increase in their numbers is nonspecific and 
a common reaction in smokers (43 ). Focal desquamative 
interstitial pneumonia-like reactions are seen in many pathologic 
conditions, especially in smokers and in conditions with fibrosis 
and architectural disorganization (46,76 ). When hemosiderin is 
present, causes for alveolar hemorrhage (both primary and 
secondary) should be excluded. 


Corpora amylacea (77 ,78 ) are eosinophilic, rounded, slightly 


lamellated proteinaceous bodies (Figure 18.30 ) that stain 
positively with PAS stains and faintly with Congo red stain; they 
are more common in the lungs of older individuals. Sometimes 
there is a blue-gray, calcified, or polarizable crystalline particulate 
body in the center and a macrophage or giant cell response around 
them. The exact nature and cause of corpora are unclear, but they 
are of no clinical significance. 


Blue bodies (Figure 18.31 ) are intra-alveolar, lamellated, 
basophilic, calcified structures found in airspaces associated with 
alveolar macrophages and giant cells (78 ). They are a nonspecific 
finding in a number of diffuse lung diseases related to 
accumulation of macrophages and are of no diagnostic 
Significance. They are thought to be related to macrophage 
catabolism; they are composed primarily of calcium carbonate. 
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Figure 18.29 Micronodular pneumocyte hyperplasia (MNPH). A. 
There is a small central nodular region composed of plump type Il 
cells. B. The size of the type II cells relative to the surrounding 
type | cells is apparent in cytokeratin staining. C. Cytologically, 
the type II cells have a fairly benign appearance. 


m 


Figure 18.30 Pulmonary corpora amylacea. A. These show a 
central bluish nidus and a giant cell or macrophage reaction 
around them. Others may have radiating proteinaceous arrays and 
show cracking in histologic sections. They are often Congo 
reda€“positive. B. Multiple corpora amylacea are seen as an 
incidental finding associated with organizing pneumonia. 
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Figure 18.31 Blue bodies. A. and B. Blue bodies are gray or blue, 
intra-alveolar, calcified, lamellated structures often associated 
with clusters of macrophages, including giant cells. 


Schaumann bodies (Figure 18.32 ) are similar lamellated, calcified 
bodies seen in giant cells and associated with granulomas (78 ,79 
,80 ). They are also of no diagnostic significance and may be found 
in granulomas from diverse causes. Schaumann bodies are 


endogenously derived and may be mistaken for exogenous 
material since they may be partially birefringent, due to 
concomitant presence of oxalate crystals (see following). 


Asteroid bodies (Figure 18.33 ) represent a starlike array of 
crystallized intracellular protein and are seen in giant cells of 
many granulomatous conditions; other than being aesthetically 
pleasing, they are nonspecific. 


Figure 18.32 Schaumann body. There is a bluish calcified 
structure associated with surrounding granulomatous 
inflammation. A lamellated appearance similar to a psammoma 
body is focally apparent. The pale zones in this case represent 
loosened oxalate crystals that would be birefringent (see Figure 
18.34 ). 


Calcium oxalate crystals are lucent, birefringent, platelike crystals, 
often in giant cells, that may be mistaken for exogenous material 

(78 ,79 ) (Figure 18.34 ). Accumulation of oxalate crystals around 
aspergillomas and in patients with forms of invasive aspergillosis 

is also common. 


Material similar to Mallory's hyalin (Figure 18.35 ) may be found in 
the reactive type II cells of a number of interstitial diseases. It is 

distinctive, but nonspecific. It may stain for keratin and ubiquitin 

(81). 


Ferruginous bodies, many of which are asbestos bodies, are 
indicative of significant inhalational exposure to the ferruginated 
material, but their presence does not necessarily correspond to 
clinically significant lung disease. Recent studies with electron- 
probe analysis have helped elucidate the variety of materials that 
may become iron encrusted, of which asbestos fibers comprise 
only a portion (82 ). 


In virtually any urban adult, one may find short, needlelike, 
birefringent material (usually silica or silicates) in association with 
anthracotic pigment (Figure 18.36 ), either along lymphatic routes 
in the lung or in regional lymph nodes. Silicates are more brightly 
birefringent than silica. 
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The amount of birefringent material may be quite impressive in 
individuals (particularly smokers) who have no significant 
occupational exposure. This material should be distinguished from 
formalin pigment, as well as from surgical glove talc or starch; the 
latter are limited to handled surfaces and often demonstrate a 
Maltese-cross configuration with polarization. The diagnosis of 
silicosis (and silicatosis) is not based solely on the presence of 
birefringent material; it requires clinicopathologic correlations: 
appropriate chest radiograph findings, and parenchymal  silicotic 
nodules or masses of histiocytes (within which early fibrotic 
nodules may be seen to form) along lymphatic routes. Precise 
characterization of any material identified requires special 
techniques such as _ electron-probe analysis. 


Figure 18.33 Asteroid body. An asteroid body in a giant cell is 
illustrated from a case of asbestosis. 


Figure 18.34 Calcium oxalate crystals. Calcium oxalate crystals 
are commonly associated with Schaumann bodies and 
granulomatous inflammation and show bright birefringence, as 
noted in this partially polarized photomicrograph. The association 
with giant cells is characteristic. 


Figure 18.35 Hyalin. Material resembling Mallory's hyalin may be 
seen in reactive type II cells in a number of acute and chronic 
conditions. 
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Figure 18.36 Silica and silicates in normal lung. Birefringent silica 
and silicate particles are a common nonspecific finding in and 
around the anthracotic pigment that is so commonly seen in urban 
adults and smokers. 


An occasional nonnecrotizing epithelioid granuloma may be found 
in the lungs of patients who have no evidence of granulomatous 
disease; they are analogous to the occasional granuloma seen at 
many sites in the body. Likewise, cholesterol granulomas or single 
giant cells containing cholesterol clefts may also be an occasional 
incidental finding (Figure 18.37 ). In some instances, the presence 
of cholesterol granulomas has been linked to prior alveolar 
hemorrhage, mucostasis, or pulmonary hypertension (83 ), but 
usually no significance can be ascribed to them. Lipogranulomas 
are an occasional nonspecific finding, said to be more common in 
diabetics (84 ). 


An interesting finding is the presence of scattered megakaryocytes 
in alveolar walls (Figure 18.38 ), predominantly within alveolar 


capillaries. Large numbers can be seen, particularly during sepsis. 
They are of no diagnostic significance but should not be 
overinterpreted as malignant or virally infected cells. Along with 
the bone marrow and spleen, the lung acts as a major reservoir 
for megakaryocytes. 


Bone marrow emboli, common in autopsy material, are also seen 
in biopsy specimens (Figure 18.39 ). Rarely correlated with any 
clinically significant process, they may be a consequence of bony 
trauma or excision of ribs. In some cases, however, such as 
thoracoscopic biopsies, bony 
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trauma cannot be implicated, and the marrow emboli are an 
unexplained incidental finding. 


Figure 18.37 Cholesterol granulomas. Granulomas and clusters of 
giant cells containing cholesterol clefts are a frequent nonspecific 
finding in interstitial lung disease. 
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Figure 18.38 Megakaryocytes. A. and B. Megakaryocytes are a 
common finding in normal lung, often present within alveolar 
Capillaries. 
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Figure 18.39 Bone marrow embolus. An incidental bone marrow 
embolus (right center ) identified in a pulmonary artery in a biopsy 
from a patient with lymphangioleiomyomatosis (left ). 
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Figure 18.40 Thromboemboli in acute lung injury. Small (A ) or 
even somewhat large (B ) fibrin thrombi are commonly present in 
biopsies showing extensive acute lung injury (A, B). Hyalin 
membranes are apparent adjacent to the artery in A, and 
Organization is apparent at the top of the field in B. 
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Recent intravascular thrombi (probably formed in situ) are a 
relatively common accompanying finding in any severe acute 
inflammatory lung disease (Figure 18.40 ), and they should not be 
considered evidence of pulmonary emboli without corroborating 
clinical information. 


In patients with chronic hemorrhagic, chronic pulmonary 
congestion, or metabolic abnormalities, calcification and iron 
encrustation of the pulmonary elastic tissue may occur and even 
elicit a giant cell reaction (Figure 18.41 ). This phenomenon has 
been inappropriately labeled endogenous pneumoconiosis (85 ). 


Intravascular foreign material is usually birefringent and may have 
a giant cell reaction. While it usually occurs in intravenous drug 
abuse (IV _ talcosis), occasional fragments of 
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foreign material are seen in patients without a history of drug 
abuse, perhaps related to intravenous lines during hospitalization 
or surgery. 


Figure 18.41 Iron deposition on elastic tissue (A, B ). Chronic 
hemorrhage, in this case due to severe chronic passive congestion, 
may result in encrustation of interstitial and vascular elastic fibers 
by hemosiderin. A giant cell reaction is a frequent accompanying 
finding (A). 


The finding of interstitial air, either localized or diffuse, is well 
known to pediatric lung pathologists and may be an incidental 
finding in adults who have been on ventilators. Interstitial air can 
occur as an incidental finding in a region of subpleural fibrosis but 
also be a significant pathologic finding in its own right (86 ) 
(Figure 18.42 ). The abnormal air-filled spaces resemble 
honeycombing; however, they lack the expected metaplastic 


epithelial lining and careful inspection shows either a complete 
lack of a cellular lining or a histiocytic and giant cell reaction lining 
the spaces. Interstitial air presenting in this way may be 
encountered in patients with interstitial lung disease, in patients 
with a history of pneumothorax, and in and around bullae and 
blebs. As in ventilated children, interstitial air may be encountered 
in adults on assisted ventilation and sometimes may be completely 
missed, being interpreted as tissue tearing. 


Figure 18.42 Incidental interstitial air. Peculiarly shaped 
airspaces (A ) lined by giant cells (B ) represent interstitial air, 
which is an occasional incidental finding in patients with interstitial 
lung disease, including those who have been on _ positive-pressure 
ventilation. The case illustrated in A represents an example of 
nonspecific interstitial pneumonia. 


Hilar and peribronchial lymph nodes are rarely carefully examined 
beyond the evaluation for metastatic carcinoma. Nevertheless, 
they frequently exhibit a number of characteristic changes. 
Clusters of dust-filled macrophages in the sinuses and paracortical 
areas may resemble small granulomas (Figure 18.43 ). Silicotic or 
anthracosilicotic nodules, old healed infectious granulomas, and 
sinus histiocytosis are also common. When sarcoidosis is a 
consideration, one may have difficulty distinguishing the normal 
histiocytosis of hilar nodes from the granulomas of sarcoidosis. 


Generally, this problem can be approached by maintaining a high 
threshold for granulomas, requiring well-formed, rounded 
granulomatous masses (particularly with accumulations of 
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intergranulomatous fibrinoid or hyalinized material), giant cells, 
and careful clinicopathologic correlation. 


Figure 18.43 Histiocyte clusters in hilar nodes. Normal hilar and 
mediastinal lymph nodes commonly have clusters of histiocytes 
with variable amounts of dust particles in them. Sometimes they 
may appear somewhat granulomatous and may be difficult to 
distinguish from a true granulomatous reaction. 
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Although multiple intraparenchymal silicotic nodules should make 
one suspect the possibility of silicosis, anthracosilicotic nodules in 
hilar nodes are quite common in the absence of silicosis. The 
nodules are composed of concentric whorled and layered 
hyalinized collagen and are usually surrounded by a nonpalisaded 
rim of dust-filled macrophages that contain birefringent material 
when examined with polarized light. Central degenerative changes 


may be evident. Silicotic nodules should be distinguished from 
old/healed granulomatous disease. 


Hamazaki-Wesenberg bodies (87 ) are small (average: 5 Aum in 
length), yellow-brown intracellular or extracellular structures 
associated with sinus histiocytes in lymph nodes, especially lung 
hilar nodes (Figure 18.44 ). The cause of these bodies is unknown, 
but they resemble lipofuscin. Positive staining with methenamine 
silver and PAS stains may lead to their confusion with yeast forms, 
but their H&E appearance, lack of associated necrosis or 
inflammation, and positive reaction with Fontana-Masson stain 
Should facilitate their recognition and distinction from _ fungi. 


Changes in the pleura in wedge biopsies may be incidental or part 
of the underlying pathologic process, and their significance needs 
to be assessed on an individual case basis. 


Incidental Findings in Transbronchial 
Biopsies 


The major artifacts or incidental findings in transbronchial biopsies 
that lead to misinterpretation include atelectasis (misinterpreted 
as interstitial pneumonia), bubble artifact (misinterpreted as lipoid 
pneumonia), and portions of the pleura (either entirely missed or 
misinterpreted as neoplastic or suspicious for being neoplastic) (54 
,55 ). Such portions of pleura may even include some pleural fat, a 
particularly common finding in fibrosing interstitial pneumonias. 
The finding of pleural tissue in transbronchial biopsies (Figure 
18.45 ) is not uncommon but also is not well recognized among 
most pathologists. Strips of reactive mesothelial cells in such 
specimens may be confused with carcinoma. 


Figure 18.44 Hamazaki-Wesenberg bodies. A. Hamazaki- 
Wesenberg bodies represent yellow-brown oval structures 
associated with histiocytes, occasionally encountered in hilar and 
mediastinal lymph nodes. B. Their positive staining with silver 
stains sometimes leads to confusion with fungi. 


As in wedge biopsies, the most common cause of red blood cells in 
airspaces in transbronchial biopsies is trauma related to the 
procedure of the biopsy rather than an alveolar hemorrhage 
syndrome. 
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Figure 18.45 Visceral pleura in transbronchial biopsies. 
Transbronchial biopsies directed toward the periphery of the lung 
may not uncommonly sample portions of the visceral pleura (A, 
right ; and B ). These may lead to misdiagnosis, particularly if 
there is an associated reactive pleuritis. 


Effects of Aging 


Some of the effects of aging on the lung are shown in Table 18.9. 
Calcification and ossification of cartilages in the large airways may 
be seen. Intimal thickening is an age-related change in pulmonary 
arteries and veins (Figure 18.46 ), and apical pulmonary arteries 
are affected more often (2 ). Intimal thickening of veins is often 
hyalin and sclerotic in character, and should be distinguished from 
the more cellular intimal and muscular proliferation seen in 
pulmonary veno-occlusive disease and chronic passive congestion. 
Mural hyalinization of small arterioles is also an aging change (as 
well as being common in emphysematous lungs). Some degree of 
alveolar enlargement accompanies aging (88 ) and is called senile 
emphysema. Longitudinal elastic tissue fibers are a normal finding 
immediately beneath the surface epithelium in the large airways. 
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These may take on an elastotic appearance in the lungs of older 
individuals. Senile amyloid is usually an incidental finding, is 
perivascular, and increases in incidence with age (89 ). 


Tracheobronchial cartilage ossification, submucosal fatty 
metaplasia, oncocytic metaplasia and/or hyperplasia in 
bronchial glands, and elastotic appearance of the submucosa 
Pulmonary arterial and venous intimal thickening and 
hyalinization of arterioles 

e Alveolar enlargement (rarely appreciated in biopsy material) 
e Medial calcification in bronchial arteries 

e Senile vascular amyloidosis 

e Anthracosis (urban dwellers) 


Table 18.9 Effects of Aging seen in Lung Biopsies 


The Biopsy that Looks Normal at First 
Glance 


When a lung biopsy for presumed diffuse lung disease initially 
appears normal, a number of possibilities should be considered 
(Table 18.10 ), especially pulmonary edema (Figure 18.47 ). 


Although one can argue that interstitial infiltrates that are so 
subtle as to be overlooked are probably not clinically significant, 
their recognition is necessary. This situation can arise, for 
example, with biopsy material from the less severely affected 
portions of lungs in patients with interstitial pneumonias, in cases 
in which the inflammatory infiltrate has 
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been suppressed by steroids or immunosuppressive therapy, and 
in pathologic entities characterized by patchy inflammation. The 
presence of inflammatory cells in the perivenular regions and 


alveolar wall with reactive type II cells is usually indicative of an 
interstitial pneumonia. 


Figure 18.46 Aging change in vessels. In elderly individuals, a 
hyalin thickening of the intima may be encountered as an 
incidental finding. Clinical correlation is suggested, since this 
feature may also be encountered in the setting of pulmonary 
hypertension. 


e Sampling error 

e Pulmonary vascular disease 

e Small airway (bronchiolar) disease 

e Pulmonary edema and early diffuse alveolar damage 

e Emboli, including fat emboli 

e A very subtle interstitial infiltrate 

e Cardiac disease with secondary pulmonary abnormalities 


Table 18.10 Situations in Which a Lung Biopsy May Appear 
Normal 


Figure 18.47 Pulmonary edema. Pulmonary edema may produce a 
deceptively normal appearance in a biopsy. Attention to septal 
widening, as noted in the accompanying text, and faint flocculent 
material in airspaces may be a clue to the diagnosis. 
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Introduction 


The thymus is a prototypical lymphoepithelial organ. As such, it is 
composed of intimately admixed epithelial and lymphoid elements 
that act in concert to perform their assigned roles. In addition, the 
thymus harbors other cellular constituents, such as a variety of 
mesenchymal-derived elements, scattered neuroendocrine cells, 
and presumably germ cells, all of which may take part in the 
development of neoplastic and nonneoplastic processes of this 
organ. Although much progress has been made in the 
immunohistochemical characterization of the cellular components 
of the thymus, the diagnosis of thymic lesions still remains largely 
dependent on the light microscopic interpretation of the findings 
by the pathologist. 


Embryology 


The thymus is derived from the third and, to a lesser extent, the 
fourth pharyngeal pouches, which contain elements derived from 
all three germinal layers. During the sixth week of gestation, the 


endodermal lining of the ventral wing of the third pharyngeal 
pouch forms a pronounced sacculation, which subsequently 
detaches from the pharyngeal wall, giving rise to the thymic 
primordia (1 ,2 ). It is postulated that, at approximately the same 
time, the cervical sinus (an ectodermal structure that results from 
the fusion of the second, third, and fourth branchial clefts) 
attaches to the thymic primordia, investing them with a layer of 
ectodermal cells (1 ,3 ). As development continues, the thymic 
primordia migrate in a caudal and medial direction along with the 
lower parathyroid glands. During the eighth week, these primordia 
enlarge toward their lower ends, forming two epithelial bars that 
fuse along the midline to occupy their definitive position within the 
anterosuperior mediastinum. During this descent, the tail portion 
of the organ becomes thin and elongated and breaks up into small 
fragments that usually disappear but that may persist in the soft 
tissues of the neck, often in intimate connection with the lower 
parathyroid gland and sometimes embedded within the thyroid 
gland (see section on Developmental Abnormalities ) (1 ,4 ). 
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After migration has been completed, the thymic endodermal- 
derived epithelial cells develop into stellate elements, forming a 
reticular meshwork. The surrounding mesenchymal elements form 
a capsule around it; and, as a result of ingrowth of the capsule, 
trabeculae form that divide the organ into numerous lobules. By 
the tenth week, small lymphoid cells originating in the fetal liver 
and bone marrow populate the thymus, and the organ 
differentiates into a cortex and a medulla (5 ). Small, tubular 
structures composed of epithelial cells (Sometimes referred to as 
medullary duct epithelium) also make their appearance at this 
time and later give rise to Hassall's corpuscles (6 ). The thymus 
progressively enlarges until puberty and from then on begins to 
involute, although persisting in an atrophic state into old age. 


Developmental Abnormalities 


Disturbances in the embryologic development of the thymus may 
give rise to a series of congenital anomalies. One of the anomalies 
most frequently encountered is the presence of parathyroid gland 
tissue within the thymus (7 ) (Figure 19.1 ). Such ectopically 
located tissue is most frequently encountered within the thymic 
capsule or in close proximity to it (8 ). This abnormality is easily 
explained by the close developmental relationship that exists 
between the two organs, as described in the section on 
embryology . The thymus itself also may be found in ectopic 
locations; this usually results from failure of the organ to migrate 
to its final destination during embryonic development. 
Undescended thymuses most often are located in the lateral neck, 
in close association with or even buried within the parathyroid or 
thyroid glands (9 ). These rests have a tendency to undergo cystic 
changes (9 ). They also may give rise to thymomas, ectopic 
examples of which have been described in submandibular (10 ), 
paratracheal (11,12 ), and intratracheal locations (13 ), as well as 
within the thyroid gland (14 ,15 ). A morphologically distinctive 
lesion of the thymus displaying combined features of neoplasia and 
hamartoma occurring in the lower neck has also been recognized 
(16 ). Ectopic nodules composed of thymic tissue have been 
reported in several other locations, including the base of the skull 
(17 ) and the pulmonary hilus at the root of the bronchus (18 ). 


Figure 19.1 Ectopic parathyroid tissue adjacent to normal 
thymus. 
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Ectopic sebaceous glands have been reported in the thymus (19 ) 
and are felt to be related to the contribution of the ectodermally 
derived cervical sinus to the developing thymus. Mature-appearing 
Salivary gland tissue also may be present in the thymus (Figure 
19.2 ) and has been reported as a component of an intrathoracic 
cyst that contained normal thymus and parathyroid tissue within 
its walls (20 ). It was postulated that this finding could be related 
to a developmental malformation whereby salivary gland anlagen 
had been incorporated into the uppermost portion of the third 
pharyngeal pouch during embryogenesis. 


Morphologic abnormalities of the thymus characterized by an 
embryonal appearance, with a predominance of small spindle 
epithelial cells adopting a lobular configuration and lacking small 
lymphocytes and Hassall's corpuscles, have been observed in 
association with combined immunodeficiency syndromes and T-cell 


defects (21 ). Such morphologic alterations have been termed 
thymic dysplasias and are believed to represent disturbances of 
normal development. In conditions such as reticular dysgenesis, 
Swiss-type hypogammaglobulinemia, thymic alymphoplasia, and 
ataxia-telangiectasia, the immune deficit is accompanied by 
aplasia or hypoplasia of the thymus (22 ,23 ,24 ). In DiGeorge 
syndrome, which is believed to result from an arrest in 
development of the third and possibly fourth branchial arches, 
there is a vestigial but normal thymus associated with absence or 
hypoplasia of the parathyroid glands (25 ). In Nezelof syndrome 
(26 ), the thymic abnormality is similar to that of DiGeorge 
syndrome except that the parathyroids are normal. The failure of 
development is thus thought to involve only that part of the 
branchial endoderm that will 


differentiate into thymic epithelium. Histologic changes in the 
thymus similar to those of thymic dysplasia of primary 
immunodeficiency disease have been observed in infants as a 
consequence of graft-versus-host disease after blood transfusions 
(27 ). A case of congenital aplasia of the parathyroid glands and 
thymus in the newborn also has been described (28 ). The term 
thymic dysplasia in the setting of immunodeficiency conditions 
may be misleading because of its currently accepted connotation 
as a preneoplastic cellular status. The alterations in such 
conditions are unrelated to a neoplastic etiology. 
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Figure 19.2 Mature-appearing salivary gland acini are seen 
adjacent to cystically dilated Hassall's corpuscle. 


Apoptosis 


Apoptosis is the name that has been given to the process of 
physiologic (programmed) cell death. Most thymic lymphocytes die 
in situ by such a process. During T-cell ontogeny in the thymus, 
the T cells (T lymphocytes) may undergo a process of positive or 
negative selection. The accumulated evidence appears to support 
that apoptosis plays a major role in the process of negative 
selection and that the vast majority of cortical thymocytes die by 
this mechanism. Autoreactive thymocytes or harmful cells in the 
thymus with injured DNA or alterations of their metabolism are 
also thought to be eliminated by the process of apoptosis at a 
specific stage of their differentiation (29 ,30 ). Therefore, it is 
believed that disturbances of the apoptotic process within the 


thymus can be responsible for the appearance of autoreactive cells 
in the circulation that may give rise to the development of 
autoimmune disease. In addition, failure of apoptosis also may 
play a role in carcinogenesis. On the other hand, massive 

induction of apoptosis within the thymus may lead to 
immunodeficiency as a result of a decrease in the number of 
lymphocytes. Thus, thymocyte apoptosis plays an integral role in 
the pathophysiology of the immune system. 


The exact biochemical mechanism involved in thymocyte apoptosis 
has not yet been completely elucidated; however, it is known that 
various complex physiologic and nonphysiologic mechanisms can 
induce it (31 ). This has led many investigators to seek the genes 
and their products that are necessary for apoptosis. Several 
groups have noted that messenger RNA (mRNA) levels for various 
proteins are increased early in thymocytes after treatment with 
glucocorticoids or radiation, two agents known to induce massive 
apoptosis of cortical thymocytes (32 ,33 ). A number of genes also 
have been identified whose expression is increased in cells 
undergoing apoptosis. Among them, three proto-oncogene 
products have been shown to act as important regulators of the 
apoptotic process in mammals: c-myc, bcl-2, and p53. In 
thymocytes, bcl-2 mRNA is present in the surviving mature 
thymocytes of the medulla and also in most immature (CD4+* 
/CD8t ) thymocytes, although the majority of cortical thymocytes 
(most of which die by apoptosis) display no bcl-2, suggesting that 
this oncogene may be involved in the preservation of T cells (34 ). 
Alterations of the p53 gene also have been shown to play a role in 
the process of thymocyte apoptosis. Malfunction of the tumor 
Suppressor genep53 may promote carcinogenesis by permitting 
mutated cells to duplicate their DNA before it is repaired. In mice, 
p53 -deficient thymocytes have been shown to display drastic 
resistance to the apoptotic effects of radiation (35 ). The latter 
observation suggests that the integrity of the p53 gene, whose 
product is known to arrest cell proliferation, may be necessary for 


the normal apoptotic process in the thymus. 


Another pathway of thymocyte apoptosis that has been the object 
of close scrutiny is the role of the T-cell receptor (TCR)/CD3 
complex in this process. During thymocyte development, 
rearrangement of TCR genes leads to expression of unique, 
clonally expressed TCRs. Potentially autoreactive thymocytes 
bearing TCRs with high avidity for self undergo TCR-mediated, 
activation-induced apoptosis (negative selection), whereas 
thymocytes with TCRs of low avidity survive (positive selection) 
(36 ,37 ). Recent experiments have demonstrated that the 
activation of the TCR/CD3 complex leads to the preferential 
elimination of immature (CD4+t /CD8* ) thymocytes (38 ). These 
and other studies have demonstrated that TCR-mediated signals 
are involved in apoptosis, and this phenomenon is strongly related 
to the mechanism of negative selection, although the precise in 
situ mechanism of apoptosis has not yet been elucidated (39 ,40 ). 


Anatomy 


The fully mature human thymus is an encapsulated midline 
structure predominantly located in the anterosuperior mediastinum 
and composed of two lobules joined in the midline by loose 
connective tissue and thymic parenchyma. The base of the organ 
lies on the pericardium and great vessels. The upper poles of each 
lobe extend into the lower neck and are closely applied to the 
trachea. The lower poles extend down over the pericardium for a 
variable distance, generally up to the level of the fourth costal 
cartilage. The anterior border of the gland is made up by the 
cervical fascia, strap muscles of the neck, sternum, costal 
cartilages, and intercostal muscles, and the lateral borders are 
covered by reflections of the parietal pleura. 


The size and weight of the gland may vary considerably depending 
on the age of the person, although wide variations among 
individuals in the same age group have been observed (41 ). The 


mean weight at birth is about 20 g. The organ exhibits a 
continuous growth in size until puberty, when it reaches a mean 
weight of approximately 35 to 50 g; thereafter, it undergoes 
atrophy, as manifested by a decrease in weight and volume and 
progressive fatty replacement of the parenchyma. 


The blood supply of the organ is derived from the internal 
mammary, superior and inferior thyroid arteries, and, 
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to a lesser degree, the pericardiophrenic arteries. The arterial 
branches course along fibrous septa to the region near the 
corticomedullary junction, where they branch into the cortex and 
the medulla. The capillaries descend from the outer cortex toward 
the medulla to form postcapillary venules, and they exit the 
thymus through the septa as interlobular veins. The venous 
system drains into the left brachiocephalic, internal thoracic, and 
inferior thyroid veins. There are no true thymic 
intraparenchymatous afferent lymphatics. Lymph vessels arise in 
the interstitium of the lobular septa and merge to form large 
lymph vessels that course alongside the arteries in the septa. The 
innervation of the organ is derived from branches of the vagus 
nerve and the cervical sympathetic nerves. 


Histology 


The basic structural unit of the thymus is the lobule. Each lobule is 
composed of two morphologically distinctive areas, the cortex and 
the medulla, both of which are largely composed of varying 
proportions of epithelial cells and thymic lymphocytes 
(thymocytes) (Figure 19.3 ). In the cortex, the sparse epithelial 
cells present are overshadowed by the numerous, closely packed 
small lymphocytes. The medulla, in contrast, contains a larger 
number of epithelial cells and fewer lymphocytes. The cortex and 
the medulla combined correspond to the thymic epithelial 
compartment, which is the site of T-cell maturation within this 


organ. Another important anatomic compartment of the thymus is 
the perivascular space. In the mature infant thymus, the 
perivascular space represents a virtual space containing thymic 
blood vessels and corresponding to a portion of tissue that is 
contained within the capsule but outside of the thymic epithelial 
network (42 ). The perivascular space becomes more prominent 
with aging and in pathologic processes such as thymoma, and 
eventually it is replaced with fat and lymphocytes in the involuted 
thymus of the adult (43 ). In addition to the epithelial and 
perivascular space compartments, there is also a stromal 
compartment that harbors a variety of other cell types. A thin 
fibrous capsule is generally present surrounding the entire gland. 
The interplay of these various cellular elements and compartments 
contributes to define the various organotypical features of the 
normal thymus. 


Figure 19.3 Normal lobular architecture of the thymus 
demonstrating clear separation between cortex and medulla. 
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One of the problems involved in defining the a€cenormala€s 
thymus is that the histologic appearance of the organ shows 
progressive changes over time, depending on its stage of 
maturation or involution. Thus, the a€oenormala€* thymus of the 
adult will look quite different from the a€oenormala€* thymus in a 
child or adolescent. Studies by Hale (43 ) have shown that the 
thymus gland does not actually decrease in size or alter its shape 
over time with the normal process of involution. While the overall 
size and shape of the gland is retained throughout adulthood into 
old age, the various cellular constituents are replaced as the 
normal process of functional involution takes place. Thus, in the 
thymus of the adult and old age, the normal thymopoietic 
elements represented by the epithelial compartment become 
reduced and progressively disappear, being gradually replaced by 
mature adipose tissue. Residual epithelial elements, however, 
always remain and generally undergo a process of atrophy that 
results in a change in the shape of the cells from large, round cells 
with vesicular nuclei and abundant cytoplasm to small, oval to 
spindle-shaped cells with hyperchromatic nuclei and scant 
cytoplasm (44 ). Small, microscopic, thymopoietic remnants of 
thymic epithelium can also be found, which usually retain the 
normal architecture and appearance of the mature cortex in 
childhood. Other involutional changes include the formation of 
cystic structures, usually resulting from dilatation of residual 
Hassall's corpuscles, and the formation of small, abortive glandular 
or epithelial rosette-like structures within the lymphopoietic 
islands. 


The most distinctive organotypical features of the mature thymus 
of childhood and adolescence thus include a fibrous capsule, a 
lobular architecture with sharp separation between the cortex and 
the medulla, a dual cell population characterized by an admixture 
of large, round thymic epithelial cells with immature T-cells, and 
perivascular spaces. The organotypical features of the 
a€ocenormala€* involuted thymus of the adult, on the other hand, 


include the presence of small, spindle-shaped thymic epithelial 
cells, abundant cystic structures and rosette-like epithelial 
structures, and the paucity of immature T-cells. Needless to say, 
these features represent a continuum that will be manifested in 
various proportions depending on the age, functional status of the 
organ, various physiologic conditions, and disease states affecting 
the thymus. 


Epithelial Cells 


The epithelial cells of the thymus have traditionally been divided 
into cortical and medullary; some of the latter are arranged in 
round keratinized structures known as Hassall's 
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corpuscles. In the active thymus of infancy, most epithelial cells 
are plump, with round or oval nuclei. Their cytoplasm (particularly 
in the case of the cortical cells) is endowed with numerous 
prolongations that join with those of adjacent cells to form a 
veritable network or reticulum. This feature (rather than the 
relationship with reticulin fibers or presumptive embryologic 
origin) has led to the previous designation of reticuloepithelial 
cells. These various epithelial elements play an active role in 
promoting T-cell maturation in the thymus, either through the 
action of their humoral substances or through direct contact with 
thymocytes (45 ). 


A subset of thymic epithelial cells that have predominantly 
localized to the cortex has been designated as nurse cells. They 
are characterized by having an abundant cytoplasm within which 
are engulfed numerous mature thymic T cells. A ringlike staining 
pattern has been observed in these cells with antiepithelial cell 
antibodies by immunohistochemistry on sections of human thymus 
(46 ). It has been postulated that nurse cells may provide a 
specialized microenvironment for T-cell maturation, differentiation, 
and selection in the thymus (46 ,47 ). 


Hassall's Corpuscles 


Hassall's corpuscles constitute the most readily identifiable feature 
of the thymus at the light microscopic level. They are restricted to 
the medulla and are characterized by a concentric pattern of 
keratinization, the keratin formed being of high-molecular weight 
(epidermal) type (Figure 19.4 ). These structures may show much 
variation in their morphologic appearance, mainly as a result of 
reactive changes secondary to inflammation. This includes cystic 
degeneration with accumulation of cellular debris, dystrophic 
calcification, and infiltration by lymphocytes, foamy macrophages, 
and eosinophils (Figure 19.5 ). The 
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thymic lesions known as Dubois's microabscesses and traditionally 
ascribed to congenital syphilis (48 ) represent an exaggeration of 
the cystic changes in Hassall's corpuscles as a result of infection. 
We believe that most so-called multilocular thymic cysts are not 
congenital abnormalities but rather the result of cystic 
enlargement of Hassall's corpuscles on the basis of acquired 
inflammatory changes in this organ (49 ). An additional change 
that can be seen in relation to cystic Hassall's corpuscles is the 
presence of glandular elements, as manifested by the appearance 
of columnar epithelium (sometimes ciliated- or of goblet-cell type) 
and the secretion of sulfated acid mucopolysaccharides in the 
lumen (50 ). It is likely that these glandular changes are related to 
the embryologic origin of Hassall's corpuscles (6 ). 
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Hassall's corpuscles showing characteristic 


Figure 19.4 Normal 


cells. 


concentric arrangement of keratinizing epithelial 


Figure 19.5 Hassall's corpuscles showing (A ) cystic dilatation 
with accumulation of cellular debris, (B ) dystrophic calcification, 
and (C ) accumulation of foamy macrophages. 
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Thymic Lymphocytes (Thymocytes) 


The predominant cell population of the thymic cortex is made up of 
lymphocytes that may be large, medium, or small. Large, 
mitotically active lymphoblasts comprise about 15% of the 
lymphoid cells and are found predominantly in the subcapsular 
portion of the outer cortex (51 ). These lymphocytes have a round 
or oval (occasionally convoluted) nucleus, one or two prominent 
nucleoli, and relatively abundant, strongly basophilic cytoplasm. A 
gradient of smaller, less mitotically active cells occurs from the 
outer cortex to the corticomedullary junction and to a lesser 
degree into the medulla of the normal thymus (Figure 19.6 ). In 


the capsular region and deep cortex, the vast majority of thymic 
lymphocytes are short-lived and die in situ (52 ). This results in 
lympholysis and active phagocytosis, features that impart these 
areas with a prominent â€œstarry skya€* appearance and that 
become particularly prominent in accidental (stress) thymic 
involution (see section on Thymic Involution ) (Figure 19.7 ). 


Figure 19.6 Normal thymic cortex. There are numerous cortical 
thymocytes, most of which have small nuclei with densely packed 
chromatin. 


Figure 19.7 Prominent starry sky appearance in the deep cortex 
of patient with accidental thymic involution. Note abundance of 
tingible-body macrophages (inset ). 


Other Cell Types 


In addition to epithelial cells and lymphocytes of T-cell lineage, 
the thymus contains an array of additional cell types. The first of 
these, B cells (B lymphocytes), can be found aggregated as 
lymphoid follicles or scattered as individual cells. Lymphoid 
follicles with active germinal centers may be found in otherwise 
normal thymuses, especially in children and adolescents (Figure 
19.8 ) (52 ,53 ). The presence of such B-cell structures would 
seem difficult to reconcile with the fact that the thymus 
constitutes a predominantly T-cell organ. However, ultrastructural 
studies have indicated that germinal centers in the thymus arise 
within perivascular spaces, the latter being clearly separated from 
the thymic parenchyma by a basal lamina (54 ). This observation 


led to the proposal that the thymus may be divided into two major 
functional compartments: (a) the cortex and medulla (which 
constitute the true thymic parenchyma) and (b) the 


extraparenchymal compartment composed of the perivascular 
Spaces (55 ). Germinal centers in the thymus could thus be 
explained as being derived from preexisting perivascular B cells in 
the extraparenchymal compartment. Germinal centers are well 
known to be prominent in patients with myasthenia gravis and 
other immune-mediated diseases (see section on Thymic 
Hyperplasia ) (9 ), but their presence in an otherwise normal 
thymus should not necessarily be taken as an indicator of an 
underlying immune disorder. The incidence of germinal centers in 
the thymus of normal individuals without septicemia or disease of 
a presumed autoimmune cause has varied in published studies 
from 2.1% (53 ) to 40% (54 ). This wide variation may be related 
to a sampling factor or to the age of the patients; germinal 
centers would be expected to be less frequent in the older age 
groups. Also, stress has been shown to be a factor responsible for 
the decrease in the number of these structures (56 ). 
Determination of the incidence and number of germinal centers in 
normal human thymus glands still remains an unsettled issue. 
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Figure 19.8 Lymphoid follicle with germinal center in normal 
thymus. 
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Isolated B cells are found in both fetal and normal adult thymuses 
distributed along the septa, in close proximity to small vessels at 
the corticomedullary junction and in the medulla (57 ). Intrathymic 
B cells have been found to be significantly increased in patients 
with myasthenia gravis, a finding that some investigators consider 
to be a more specific change for this disorder than the presence of 
germinal centers (57 ,58 ). More recently, a population of 
intramedullary B cells with a tendency to cluster around Hassall's 
corpuscles has been identified in the thymus gland from fetuses, 
newborn babies, children, and adults; these lymphocytes show 
evidence of activation and bear a distinctive immunophenotype (59 
). Unlike B cells of germinal centers and surrounding mantle 
zones, the medullary B cells are negative for CD21 and do not 
express surface/cytoplasmic immunoglobulins. It has been 
proposed that a significant proportion of non-Hodgkin's lymphomas 


of the B-cell type located in the anterior mediastinum arise from 
this intrathymic B-cell population. Additionally, a newly described 
type of mucosa-associated lymphoid tissue (MALT) lymphoma 
composed of monocytoid B cells recently was identified as arising 
from the thymus (60 ); this finding raises the possibility that 
monocytoid B cells may be another as yet unidentified cellular 
constituent of the normal thymus (61 ). 


Several other types of hematolymphoid cells are present in small 
number but constant fashion in the normal thymus (62 ,63 ,64 ). 
Macrophages are mainly located in the cortex, show phagocytic 
activity, are markedly j+-naphthyl acetate esterase positive, acid 
phosphatase positive, and HLA-DR negative, and are antigenically 
indistinguishable from macrophages of other organs (45 ,64 ). 
Interdigitating dendritic cells are mainly located in the medulla, 
are markedly HLA-DR positive, have little lysosomal enzyme 
activity, and show S-100 protein reactivity (65 ). Both of these cell 
types are thought to be involved in lymphocyte and epithelial cell 
interaction. 


Langerhans cells also have been identified in the thymic medulla; 
both interdigitating dendritic cells and Langerhans cells are said to 
be increased in the thymuses of patients with myasthenia gravis 
(66 ). The latter cells provide the anatomic substrate for the 
development of Langerhans cell granulomatosis (histiocytosis X) 
within the thymus (67 ). Eosinophils are usually present in the 
thymus of children, sometimes in large numbers (68 ). They 
appear in fetal life and persist until puberty, after which they 
become infrequent. They are found mainly in the connective tissue 
septa or within the medulla and occasionally may be present within 
Hassall's corpuscles. 


Mast cells are also normally present in human thymuses. They are 
usually found within and scattered parallel to the connective tissue 
septa, often in a perivascular location. The presence of mast cells 
can be a source of confusion in the course of immunohistochemical 


and other special stains of the thymus gland because of their 
propensity to react with a wide variety of reagents; they are easily 
identified by the use of metachromatic stains. Increased numbers 
of mast cells in the thymus have been observed in patients with 
severe combined immunodeficiency and thymic alymphoplasia (69 
), but the significance of this finding is not understood. Plasma 
cells are rare in the normal thymus; they are usually located in the 
connective tissue septa or, more rarely, in the medulla (70 ). 
Plasma cells may be numerous in the involuting thymus and also 
may be present in increased numbers in the thymus of patients 
with myasthenia gravis (71 ). 


Neuroendocrine cells are now accepted as being a minor but 
constant component of the normal thymus (72 ). Peptide- and 
amine-producing neuroendocrine cells have been identified in the 
thymus glands of reptiles and birds (73 ,74 ,75 ) and, to a lesser 
degree, in mammalian (including human) thymuses. It has been 
postulated that some of these cells may be embryologically and 
functionally analogous to C cells of thyroid (76 ). The physiologic 
role of these various neuroendocrine elements in the thymus is not 
yet understood, but their presence has been offered as the 
probable substrate for the development of carcinoid tumors and 
other neuroendocrine neoplasms in this organ, including calcitonin- 
positive medullary carcinomas (77 ,78 ). 


Myoid cells are located in the thymic medulla. They are common in 
reptilian and avian thymuses but also can be found (albeit with 
some difficulty) in human thymuses, particularly in infants. They 
have microscopic, immunohistochemical, and ultrastructural 
features of striated muscle cells (79 ,80 ). Their histogenesis 
remains a subject of debate, some studies pointing toward a 
derivation from the neural crest (81 ) and others showing the 
existence of shared epitopes with thymic epithelial cells (82 ). 
Myoid cells have been said to be increased in the thymus of 
patients with myasthenia gravis (57 ,83 ) and in patients with true 
thymic 


hyperplasia (84 ), Suggesting that these cells may play a role in 
immunoregulatory mechanisms. Thymic neoplasms thought to 
represent the neoplastic counterpart of myoid cells also have been 
described (85 ). 


Germ cells are another cellular element thought to be normally 
present in the thymus. It has been proposed that scattered germ 
cells reach the thymus during ontogenesis and that some of them 
persist into adult life. However, direct evidence of their presence 
in the normal thymus gland has never been demonstrated, and the 
only presumptive evidence of their occurrence is the fact that 
nearly all mediastinal germ cell tumors arise within the thymus (9 
). Rosai et al. (86 ) have recently proposed that germ cells in the 
thymus may develop into somatic cells, thus making their 
detection and identification difficult by conventional means. They 
further hypothesized that thymic myoid cells may be of germ cell 
origin and thus provide indirect evidence for the existence of the 
latter in this organ (86 ). 


Connective tissue elements of the thymus include vessels, fibrous 
tissue, nerves, and fat. The vasculature of the thymus arises from 
arteries that enter the organ via fibrous trabeculae from the 
capsule. In contrast to other major lymphoid organs, the thymus 
lacks a hilus. The thymic vessels are ensheathed by a layer of 
thymic epithelial cells. This anatomic configuration, plus the failure 
of the thymus to produce antibodies against circulating antigen, 
led to the concept of the blood-thymus barrier (87 ). Raviola and 
Karnovsky (88 ), in an elaborate study using electron-opaque 
tracers of different molecular dimensions, demonstrated 
convincingly that, although some bloodborne macromolecules do 
penetrate the thymus, their distribution was limited to the 
medulla, thus pointing to the existence of a blood-thymus barrier 
Operating at the level of the cortex. However, more recent studies 
have challenged the concept of the blood-thymus barrier by 
showing that the thymic cortex also may be permeable to 
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immunoglobulin molecules present in the extravascular 
compartment (89 ). 
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Figure 19.9 Ultrastructural detail of normal cortical epithelial cells 
showing large cytoplasmic processes joined by a desmosome and 
wrapped around a small lymphocyte. A thick basal lamina 
separates the epithelial cells from the surrounding collagen. 
(Reprinted with permission from: 

Rosai J, Levine GD. Tumors of the thymus. In: Atlas of Tumor 
Pathology. 2nd series, fascicle 13. Washington, DC: Armed Forces 
Institute of Pathology; 1976. 


) 


a 


The presence of a distinct anatomic compartment bound by the 
vessel wall and the sheath of epithelial cells has been postulated. 
It has further been suggested that it is through these perivascular 
Spaces that the mature T-cells exit the thymus to colonize 


peripheral lymphoid organs once their maturation process is 

complete. The spaces are inconspicuous in the normal thymus; 
they may appear dilated in atrophic and involuting organs, but 
they acquire their greatest prominence in some thymomas (9 ). 


Ultrastructure 


Ultrastructurally, very elongated cytoplasmic processes can be 
appreciated in the epithelial cells of the thymic cortex, which are 
also covered by basal lamina material (Figure 19.9 ) (90 ,91 ,92). 
Medullary epithelial cells are more densely packed and have 
blunted cytoplasmic projections (Figure 19.10 ). A consistent 
feature of medullary epithelial cells is the greater frequency of 
desmosomes and the presence of dense tonofilaments that often 
insert into desmosomes. This feature is particularly obvious in 
Hassall's corpuscles. Cortical epithelial cells may display a range of 
ultrastructural appearances depending on the electron density of 
their cytoplasm, including pale cells with electron-lucent 
cytoplasm, intermediate cells with variable electron density, and 
dark cells with electron-dense cytoplasm. The same range may be 
observed in medullary epithelial cells; in addition, the medulla 
contains undifferentiated epithelial cells with sparse cytoplasm (93 


). 


Thymic myoid cells display ultrastructural features of skeletal 
muscle, including myofilaments with dense 
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patches (Figure 19.11 ). Some investigators have identified cells 
displaying both tonofilaments and myofilaments by electron 
microscopy, and in some instances myoid cells have been observed 
to display desmosomal connections with epithelial cells (94 ). 


Figure 19.10 Ultrastructural detail of medullary epithelial cells 
showing compact arrangement and blunted cytoplasmic 
projections. (Reprinted with permission from: 

Rosai J, Levine GD. Tumors of the thymus. In: Atlas of Tumor 
Pathology . 2nd series, fascicle 13. Washington, DC: Armed Forces 
Institute of Pathology; 1976. 
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Immunohistochemistry 


Thymic Epithelial Cells 


Immunohistochemical studies have demonstrated that thymic 
epithelial cells may express a variety of distinctive differentiation 


antigens. Currently, at least four antigenically distinctive types of 
epithelial cell are recognized in the normal thymus: subcapsular 
cortical, inner cortical, medullary, and the cells of Hassall's 
corpuscles (Table 19.1 ) (95 ,96 ,97 ,98 ). Inner cortical 
epithelium, in addition to exhibiting keratin positivity, strongly 
reacts with TE-3, a murine monoclonal antibody raised against 
human thymic stroma (99 ). Subcapsular cortical epithelial cells 
and medullary epithelial cells react strongly with TE-4 monoclonal 
antibody. Both of these cells also label with A2B5, a monoclonal 
antibody directed against a complex neuronal ganglioside found on 
the cell surface of neurons and neuroendocrine cells (100 ). 


Figure 19.11 Ultrastructural appearance of myoid cell in the 
thymus. Note bundles of actin and myosin myofilaments with 
clearly discernible Z lines in the cytoplasm. 


Another marker of subcapsular cortical epithelium and medullary 
epithelium in normal thymus is that detected 
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with anti-p19, an antibody that defines the structural core protein 
of the human T-cell lymphoma virus and that is believed to be 


acquired during normal thymic ontogeny. In the normal human 
thymus, the antigen defined by anti-p19 is found to parallel the 
reactivity of A2B5 antibody in epithelial cells (101 ). Interestingly, 
a recent study on thymomas has demonstrated that the expression 
of the p19 antigen is lost with malignant transformation (102 ). 


Cells 

Keratin 

TE-3 

TE-4 

A2B5 

Anti-p19 
Antithymosin {+1 
Antithymopoietin 
HLA/la 

Inner cortical epithelium 
+ 

+ 


+ 
Subcapsular cortical epithelium 


Meduilary epithelium 
-- 


+++ + 


Hassall's corpuscles 
++ 


Table 19.1 Summary of Main Antigenic Determinants 
Found in Epithelial Cells of the Normal Thymus 


Subcapsular cortical, inner cortical, and medullary epithelial cells 
also have been found to express class | and class II major 
histocompatibility antigens (97 ,103 ). However, recent studies 
using double immunolabeling have shown that HLA-DR expression 
is absent in medullary epithelial cells and that the positivity 
reported in previous studies may have been the result of diffusion 
of the stain from surrounding interdigitating dendritic cells (104 ). 
A recent study has demonstrated that the epithelial cells in the 
normal thymus and in thymomas also express epithelium- 
associated glycoprotein H (tissue blood group O antigen), peanut 
agglutinin receptor antigen (PNA-r), and Saphora Japonica 
agglutinin receptor antigen (SJA-r), which are detectable by lectin 
binding (105 ). Recent studies also have demonstrated expression 
of the epidermal growth factor receptor and transforming growth 


factor alpha in subcapsular, cortical, and medullary epithelial cells, 
suggesting that this substance plays a role in the growth and 
differentiation of these cells (106 ). Subcortical epithelial cells 
lining the boundaries between the thymic parenchyma and its 
Surrounding fibrous tissue also demonstrate positivity for Leu-7, a 
differentiation antigen found in human _ null/killer cells and 
neuroendocrine cells (107 ). The cells of Hassall's corpuscles show 
the strongest keratin positivity of all thymic epithelial cells and 
react particularly strongly with the high-molecular weight keratin 
AE2 antibody, which is considered a marker of terminal epithelial 
maturation (108 ). Conversely, they are unreactive for the other 
antigens mentioned above. 


Thymic Lymphocytes 


The normal lymphoid population of the thymus has been shown to 
exhibit marked immunophenotypic heterogeneity, reflective of 
their functional status. The very term thymocyte , which was 
Originally introduced to designate all thymic lymphocytes, has 
acquired a more specific immunologic meaning and is now 
restricted to immature thymic lymphocytes of T-cell lineage (with 
the exclusion of prea€“T-cell lymphocytes). Thymocytes can be 
divided into three types in accordance with their different stages 
of intrathymic maturation (19 ,109 ,110 ,111 ) (Table 19.2 ). The 
earliest stage of differentiation is found in subcapsular 
thymocytes, which are characterized by a Leu-1+ (T1), Leu-2at 
(T8), Leu-3at (T4), Leu-4+ (T3), Leu-5*+ (T11), Leu-6+ (T6), Leu- 
9+ (T2), Tdtt , and T200* phenotype (Figure 19.12A ). The next 
stage in maturation is seen in cortical thymocytes, which comprise 
the majority of thymic lymphocytes (60â€“70%) and are 
characterized by a Leu-1+ (T1), Leu-2at (T8), Leu-3at (T4), Leu- 
4+ (T3), Leu-5+ (T11), Leu6t (T6), Leu-9+ (T2), Leu-M3, OKT-10 
(T10), Tdtt , and T200* phenotype. The last stage of intrathymic 
maturation is seen in medullary thymocytes, which show a Leu-1t 
(T1), Leu-4*+ (T3), Leu-5+ (T11), Leu -9+ (T2), and T200* 


phenotype (Figure 19.12B ). 


Antigens Leu-2a and Leu-3a are present in only one third to two 
thirds of these cells, respectively (57 ,109 ). Of the above 
markers, the ones that may distinguish specifically between 
cortical and medullary thymocytes are CD1, CD14, CD38, and Tat. 
Recent studies on thymomas have attempted to correlate the 
degree of T-cell maturation with the morphologic appearance of 
the tumor (107 ,112 ,113 ,114 ). It has been well established that 
the lymphoid cell population in thymomas is made up of immature 
T cells (113 ,115 ,116 ). In lymphocyte-rich thymomas, the 
lymphocytes have the phenotypic markers of cortical thymocytes; 
it has, therefore, been proposed that these tumors are attempting 
to recapitulate the structure and function of the cortical 
compartment of the normal thymus (114 ,117 ,118 ). In the 
better-differentiated examples, the analogy with the normal 
thymus is accentuated by the presence of foci of medullary 
differentiation. These findings support the originally proposed 
theory that, in thymomas, prothymocytes from the stem cell 
compartment undergo a series of maturational events induced by 
the neoplastic thymic epithelial cells analogous to those that take 
place in the normal thymus, the lymphoid elements in these 
tumors thus being an environmental rather 
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than a neoplastic component (9 ). This contention, which was 
initially based solely on light microscopic observations of 
thymomas, has recently gained support from studies with DNA 
hybridization for T-cell receptor genes that showed that the 
lymphoid elements in thymomas lacked gene rearrangements that 
would denote a clonal proliferation of T-cells (119 ). As already 
indicated, such interaction is thought to be mediated by thymic 
hormones produced by thymic epithelial cells. 


Stage | 


Leu-1 (CD5) 
Leu-2a (CD8) 
Leu-3a (CD4) 
Leu-4 (CD3) 
Leu-5 (CD2) 
Leu-6 (CD1) 
Leu-9 (CD7) 
T200 


| 
TA 


ome 


inducer suppressor 


peripheral T lymphocytes 


Large thymic blast (0.5a€“5%) 
Stage Il 

Leu-1 (CD5) 

Leu-2a (CD8) 

Leu-3a (CD4) 

Leu-4 (CD3) 

Leu-5 (CD2) 


Leu-6 (CD1) 

Leu-9 (CD7) 

Leu-M3 (CD14) 

OKT-10 (CD38) 

T200 

Common cortical thymocyte (60a€“80%) 
Stage Ill 

Leu-1 (CD5) 

Leu-4 (CD3) 

Leu-5 (CD2) 

Leu-9 (CD7) 

T200 

Mature medullary thymocyte (15a€“20%) 


Table 19.2 Sequence of Maturation in Thymic Lymphocytes 


Figure 19.12 A. Immunoperoxidase stain of cortical thymocytes 
on fresh frozen tissue with Leu-1 (CD5) antibody. B. Medullary 
thymocytes showing focal Leu-3a (CD4) positivity on fresh frozen 
tissue. 


Molecular Biology 


Molecular studies have demonstrated the presence of 
rearrangement and expression of T-cell antigen receptors (TCRs) 
in thymic lymphocytes. Expression of the TCR represents a critical 
step in the development of T cells in the thymus (120 ,121 ). The 
TCR molecules are heterodimeric proteins analogous in structure 
to the immunoglobulin molecules. Rearrangement and expression 
of the TCRs are needed for the T cell to recognize antigen in 
association with selfa€“major histocompatibility complex (MHC) 
antigens. There are two major types of TCRs: one type contains 
[+-and {2-polypeptide chains, and the other contains [3- and I[’- 
chains. The Î=-Î2-TCR is expressed in nearly all T cells, whereas 
the [3-[’-TCR is expressed in only about 2% of T cells. Immature 
thymic lymphocytes (CD4 /CD8& ) have been shown to contain 
mRNA only for the {2-chain of the TCR. Mature thymic lymphocytes 
(CD4/CD8+ ), on the other hand, contain mRNA for both Î2- and 
[+-chains (122 ). 


As immature thymocytes begin to undergo T-cell receptor gene 
rearrangements, they first acquire cytoplasmic then cell surface 
expression of CD3, CD4, and CD8. The CD4+t /CD8* (i.e., 
a€cedouble positivea€* ) lymphocytes are located within the 
thymic cortex and also express CDla surface marker, as well as 
strong positivity for the Ki-67 nuclear proliferation antigen (43 ). 
As double-positive thymocytes complete their T-cell receptor gene 
rearrangement and undergo positive and negative selection, they 
progressively lose their expression of CDla, Ki-67, and either CD4 
or CD8. The resulting a€oesingle positivea€* thymocytes (either 


CD4+* /CD8 or CD4 /CD8* ) migrate into the thymic medulla, 
where they complete their maturation before they are released 
into the circulation. 


The genetic mechanisms that promote lineage commitment in the 
thymus are not well understood. Recent studies have suggested 
that there are at least 25 genes involved in the segregation of the 
different T-cell lineages. Commitment to the CD4 lineage appears 
to be controlled by upregulation of genes associated with 
increased survival followed by expression of genes that regulate 
nucleosome remodeling and T-cell receptor signaling. Commitment 
to the CD8 lineage appears to be influenced by upregulation of 
genes that regulate lymphocyte homing followed by suppression of 
genes that inhibit apoptosis (123 ). 


Function 


The thymus plays a central role in cell-mediated immunity. In 
early embryonic development, prothymocytes enter the thymus 
from the bone marrow and migrate to the outer cortex, where they 
undergo a process of maturation. Mature thymocytes move from 
the outer cortex to the medulla then migrate into the peripheral 
circulation, where they function as mature T cells. During their 
sojourn in the thymus, T cells learn to distinguish self from nonself 
and acquire the ability to recognize antigens bound to cell surface 
molecules encoded by the major histocompatibility complex (MHC). 
Circulating helper (CD4* ) and suppressor (CD8t ) thymus-derived 
T cells play a variety of roles in cell-mediated immunity, including 
the induction of cytotoxicity, delayed-type hypersensitivity 
reactions, and transplant rejection. 


A controversial aspect of thymic function is that related to the 
production of thymic hormones, which are thought to play a role in 
the induction of differentiation of early T-cell precursors in the 
thymus. Four distinct types of thymic hormones have been 
identified: thymopoietin, thymosin Î+1, thymulin (formerly known 


as facteur thymique serique), and thymic humoral factor (122 ,124 
,125 ). Thymopoietin and thymulin are said to be produced only by 
thymic epithelium, whereas thymosins are a family of peptides 
that are synthesized in many organs. The production of thymic 
hormones by thymic epithelial cells has been an extremely 
interesting but highly contested subject. At the 
immunohistochemical level, studies using polyclonal and 
monoclonal antibodies claim to have demonstrated the presence of 
thymulin, thymosin Î+1, and thymopoietin in the cytoplasm of 
murine and human thymic epithelial cells (125 ,126 ,127 ,128 ). In 
some studies, the hormone localization has been found to be 
restricted to A2B5* cells, that is, subcapsular cortical and 
medullary epithelial cells (129 ). This finding has led to the 
Suggestion that these two cell subtypes represent the functional 
(secretory or endocrine) portion of the thymus, as contrasted with 
the nonsecretory epithelium of the inner cortical region and of 
Hassall's corpuscles. In a murine system, thymic hormones also 
have been described in a subtype of medullary epithelial cell 
characterized ultrastructurally by numerous cytoplasmic 
membranea€“bound vacuoles containing amorphous material (130 
). A study by Hirokawa et al. (131 ), using rabbit antisera against 
synthetic thymosin [+1 and bovine thymosin {23 in 45 cases of 
human thymomas and normal thymus of newborns, described 
reactivity of the tumor cells and normal thymic epithelial cells with 
these antibodies in 80 and 89% of cases, respectively. The 
thymosin-containing cells were said to be predominantly localized 
to the medulla and the subcapsular cortex, and the reaction was 
most intense in the lymphocyte-rich thymomas. These reactions 
appeared to be specific for thymic tumors because neither 
thymosin {+1 nor thymosin {23 could be detected in other 
epithelial malignancies tested, including gastric, pulmonary, and 
hepatic carcinomas. So far, however, sufficiently 
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reliable specific antibodies have not become available for routine 


use in diagnostic pathology. 


In addition to thymic hormones, thymic epithelial cells may contain 
a wide variety of neuropeptides such as oxytocin, vasopressin, /?- 
endorphin, somatostatin, and other anterior pituitary hormones 
(132 ,133 ,134 ), as well as produce various cytokines and growth 
factors, including interleukin (IL)-1, IL-6, and granulocyte- 
monocyte colony-stimulating factor (135 ,136 ). 


The spectrum of biological effects of cytokines in the thymus is 
determined by the expression of cytokine receptors on the thymic 
cell surface. Thymic cytokines may act by autocrine or paracrine 
mechanisms. Examples of paracrine thymic cytokines are IL-7, 
which induces thymocyte growth and differentiation, and 
interferon (INF)-[3? (produced by thymocytes), which induces 
thymic epithelial cell activation. An example of an autocrine factor 
is IL-2, for which the producers and targets are thymocytes. The 
ability of thymocytes to produce cytokines and express cytokine 
receptors is gradually reduced as they mature from the stage of 
precursor cells to cortical thymocytes. After the completion of the 
selection process of maturation, the ability of thymocytes to 
produce cytokines and respond to their action is restored (137 ). 
The role and function of cytokines in the thymus is different from 
that of cytokines in the peripheral compartments of the immune 
system; in the thymus they are involved with the migration and 
development of thymocytes and autoregulation of thymocytes cell 
numbers, while in the periphery they are mainly involved in the 
regulation of inducible processes such as inflammation, immune 
response, etc. 


Age-Related and other’ Trophic 
Changes 


Thymic Involution 


The thymus undergoes a slow physiologic process of involution 
with age. This process starts at puberty, at which time the organ 
reaches its maximum absolute weight. From then on, it undergoes 
gradual and progressive atrophic changes (138 ,139 ,140 ). This 
process of aging, also known as physiologic involution, is 
accompanied by gradual changes in thymocyte populations relative 
to different rates of involution of the cortical and medullary 
epithelium. In its early stages, the changes consist primarily of a 
decrease in the number of cortical thymocytes with relative 
Sparing of the epithelial elements (141 ). In the more advanced 
stages, the parenchyma of the thymus reverts to a more primitive 
appearance and is replaced by islands of epithelial cells depleted 
of lymphocytes, with partly cystic, closely aggregated Hassall's 
corpuscles and abundant intervening adipose tissue (142 ). It 
should be realized that, whereas thymic involution can proceed to 
a point where no thymic tissue can be appreciated grossly, 
microscopic thymic remnants are probably always present. The 
best way to locate them is to examine microscopically the 
preepicardial fat in a subserial fashion. Recent studies have 
suggested that the process of involution in the thymus may be 
quantitative rather than qualitative. It has been demonstrated that 
thymopoiesis continues to occur in the thymus of adult humans 
late into life and that thymic activity and function appear to be 
well maintained into old age and may be indispensable for T-cell 
reconstitution in different immunological settings (143 ,144 ,145 


). 


A type of change not related to senescence that must be 
distinguished from the normal physiologic type of involution is 
accidental or stress involution. This condition results from the 
dramatic response of the thymus gland to episodes of severe 
stress, in which the sudden release of corticosteroids from the 
adrenal cortex leads to rapid depletion of thymic cortical 
lymphocytes (146 ). Microscopically, there is prominent 
karyorrhexis of lymphocytes with active phagocytosis by 


macrophages, which creates a prominent starry sky appearance 
characteristically confined to the cortex. If the stimulus persists, a 
loss of corticomedullary distinction ensues, with accentuation of 
the epithelial elements, cystic dilatation of Hassall's corpuscles, 
and the emergence of elongated, epithelium-lined cystic spaces 
that recapitulate the early stages of Hassall's corpuscle formation. 
With further loss of thymocytes, the lobular architecture collapses 
and fibrosis ensues. The thymus is thus transformed into a mass 
of adipose tissue containing scattered islands of parenchyma with 
a few lymphocytes. 


Acute thymic involution in infancy and childhood has been 
observed to significantly correlate with the duration of acute 
illness. It has been proposed that morphologic parameters such as 
the presence of abundant macrophages in the cortex, increase of 
interlobular fibrous tissue, and lymphoid depletion of the cortex 
may enable the pathologist to estimate the duration of acute 
disease before death (147 ). A precocious type of thymic 
involution manifested by epithelial injury also has been observed 
in both children and adult patients with acquired immunodeficiency 
syndrome (AIDS) (148 ,149 ). These changes have been 
interpreted by some as an indication that the thymus may 
constitute a primary target organ in human immunodeficiency 
virus infection (150 ), whereas others have considered these 
changes as an expression of stress involution (149 ,151 ). 


Thymic Hyperplasia 


True thymic hyperplasia is defined as an enlargement of the 
thymus gland (as determined by weight or volume) beyond that 
considered as the upper limit of normal for that particular age 
group (152 ). The existence of true thymic hyperplasia has been 
questioned in the past, largely because of the diagnostic excesses 
committed with the much-abused concept of status 
thymicolymphaticus. The latter is probably a myth, but true thymic 


hyperplasia is currently accepted as a distinct entity (153 ,154 
,155 ). 
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To establish a diagnosis of true thymic hyperplasia, reference must 
be made to standard weight charts of normal thymus glands for 
comparison. Hammar, in 1906 (156 ), made the first extensive 
studies on the normal weights of the thymus in fresh autopsy 
specimens; these studies have remained for many years as the 
standard. More recently, several workers have updated these 
studies; the most comprehensive of these is that of Steinman (140 
), who examined the weight and volume of human thymuses in 
136 healthy individuals (Table 19.3 ). He concluded that 
determination of the volume of the gland, as measured by the 
displacement of a physiologic saline solution, was more reliable 
than weighing the gland and constitutes the optimal parameter for 
this type of evaluation. 


Thymic hyperplasia has been recognized as a complication of 
chemotherapy for Hodgkin's disease in children (157 ,158 ) and 
germ cell tumors in adults (159 ,160 ) and has been interpreted as 
the expression of an immunologic rebound phenomenon. A similar 
enlargement of the thymus also has been observed in children 
recovering from thermal burns (161 ) and after cessation of 
administration of corticosteroids in infants (162 ). Marked 
enlargement of the thymus has also been observed in the setting 
of thymic reconstitution after chemotherapy (163 ) or after the 
institution of antiretroviral therapy in HIV-infected patients (164 ). 


True thymic hyperplasia must be distinguished from lymphoid 
hyperplasia. In the latter condition, the term hyperplasia refers to 
an increased number of lymphoid follicles in the medullary region 
of the gland. This is the result of increased migration of mature T 
and B cells into the perivascular space, adjacent to but outside of 
the thymic epithelial meshwork. The problem in establishing the 
presence of lymphoid hyperplasia vis-A-vis the occurrence of 


lymphoid follicles in the normal thymus has already been 
discussed. Lymphoid hyperplasia of the thymus most commonly 
has been associated with myasthenia gravis but also has been 
observed in several other immune-mediated disorders, including 
systemic lupus erythematosus, rheumatoid arthritis, scleroderma, 
allergic vasculitis, and thyrotoxicosis. 


6 

oâ€“1 

27.3 Â+ 16.4 
26.8 Â+ 16.1 


15â€“19 

20.2 Â+ 10.3 
19.3 Â+ 10.1 
18 

20â€“24 
21.6 A+ 9.5 
23.0 Â+ 10.6 
9 

25â€“29 

23.1 A+ 11.8 
23.7 A+ 11.9 


5 

30a€“34 
25.5 A+ 9.9 
27.6 A+ 11.2 
17 

35a€“44 
21.9 A+ 9.2 
22.2 A+ 10.5 
14 

45a€“54 
24.8 A+ 12.8 
26.5 A+ 12.4 
15 

55a€“64 
21.3 A+ 9.5 
23.5 A+ 10.4 
17 

65a€“84 
23.8 A+ 16.1 
25.6 A+ 17.0 
5 

85a€“90 

18.2 A+ 5.4 
20.4 A+ 6.8 
5 

914€“107 
12.4 A+ 6.9 
13.4 A+ 7.2 
136 

Total 

22.8 A+ 12.5 
23.4 A+ 11.9 
a Values are means A+ SD. 
Reprinted from: Le PT, Lazorick S, Whichard LP, et al. Human 


thymic epithelial cells produce IL-6, granolocyte-monocyte-CSF, 
and leukemia inhibitory factor. J. Immunol 1990; 145: 
3310a€“3315. 


n Age (years) Weight (g)2 Volume (cm? )@ 


Table 19.3 Weight and Volume of Normal Human 
Thymuses 


Artifacts and other Potential Pitfalls in 
Differential Diagnosis 


Microscopic changes related to involution may be a source of 
considerable confusion in the interpretation of thymic biopsies. 
Such changes are primarily related to the distribution, 
architectural arrangement, and cytologic appearance of the 
epithelial cells (Figure 19.13 ). Some of these cells may acquire a 
spindle, mesenchyma-like appearance, whereas others can arrange 
themselves in rosettelike formations devoid of central lumina 
(Figure 19.14 ). The fact that both of these appearances also are 
found with some frequency in thymic dysplasia and thymoma (but 
not in the normal active gland of infancy) suggests that they 
represent regressive and functionally inactive states of the 
epithelial cells (9 ). 


Sometimes thymic remnants are almost exclusively formed of 
epithelial elements, arranged in well-defined round nests that may 
simulate neuroendocrine growths (165 ) (Figure 19.15). A 
particularly distinctive appearance is that of thin, elongated 
strands of thymic epithelium composed of a single or double cell 
layer, surrounded by or circumscribing dense connective tissue in 
a fibroepitheliomatous fashion. These thin, elongated epithelial 
strands may often be flanked by small lymphocytes and may 
occasionally exhibit an antlerlike, branching configuration (Figure 


19.16A ). They may be seen by themselves or at the periphery of 
thymic cysts, thymomas, thymic lymphomas, and other thymic 
neoplasms. In the case of thymic lymphomas and seminomas, 
these strands can be present not only around but also within the 
tumor, surrounded and infiltrated by the neoplastic elements. 
Their presence, whether detected at the hematoxylin and eosin 
(H&E) level or with the more sensitive techniques of ultrastructure 
and immunohistochemistry, can be interpreted erroneously as 
evidence supporting an epithelial nature for the lesion (Figure 
19.16B ). As a matter of fact, in our experience these formations 
constitute the single most important cause of misdiagnosis in 
cases of large cell lymphoma of the thymus. Conversely, some 
thymic remnants (perhaps the majority) are made up almost 
exclusively of lymphocytes, 
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thus simulating lymph nodes. A clue to their real nature should be 
sought at the very periphery, in which epithelial cells can 
sometimes be identified encircling the nests, perhaps representing 
the residual coat of subcapsular cortical cells of the normal organ 
(Figure 19.17 ). 


Figure 19.13 Epithelial remnants in involuting thymus. A. 
Abortive Hassall's corpuscle surrounded by small lymphocytes and 
scattered epithelial cells. B. Anastomosing strands of epithelial 
cells surrounded by small lymphocytes embedded within the 
preepicardial fat. C. Residual thymic island with predominance of 
lymphocytes, small solid epithelial cell clusters at the periphery, 
and calcified Hassall's corpuscle. D. Anastomosing strands of 


epithelial cells admixed with small lymphocytes embedded within a 
collagenized stroma. 
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Figure 19.14 A. Thymic remnant showing elongated configuration 
with prominent spindling of the cells. B. Involuting thymus with 
epithelial rosettes. 


Figure 19.15 Strands of residual thymic epithelium arranged in 


small nests resembling neuroendocrine growths. 


Figure 19.16 A. Wall of thymic cyst showing branching strands of 
thymic epithelial cells surrounded by a fibrous stroma. B. 
Entrapped thymic epithelial elements within anterior mediastinal 
malignant lymphoma. The strong keratin positivity seen in these 
cells may lead to an erroneous diagnosis of thymic carcinoma. 


Certain patterns of tissue response to injury in the thymus may 
also constitute a major source of confusion in the interpretation of 
biopsies of this organ (166 ). A common form of response of this 
organ to injury, particularly in cases associated with inflammation, 
is cystic degeneration of thymic epithelium. The cystic 
degeneration in such cases is thought to be the result of an 
acquired process, which in its fullest expression will lead to the 
formation of a multilocular thymic cyst (167 ). The main histologic 
features of such cysts include the formation of large cavities lined 
by squamous, columnar, or cuboidal epithelium, often in continuity 
with remnants of normal thymic epithelium within 
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the cyst walls; severe acute and chronic inflammation 
accompanied by ffibrovascular proliferation, necrosis, hemorrhage, 
and cholesterol granuloma formation; and reactive lymphoid 
hyperplasia with the formation of prominent germinal centers. In 
some instances, the cyst lining may show a moderate degree of 


cytologic atypia with features of pseudoepitheliomatous 
hyperplasia that can be easily misinterpreted for malignancy (168 
). In the majority of cases the cystic structures are closely 
associated with Hassall's corpuscles, many of which show marked 
dilatation and may be found to be in continuity with the lining of 
the cystic cavities (Figure 19.18 ). We believe that this type of 
reaction is the result of an exaggerated response of medullary 
duct epitheliuma€“derived structures of the thymus to an 
underlying inflammatory process (167 ). However, it is important 
to point out that seemingly identical changes may take place in 
uninvolved thymic parenchyma in cases of Hodgkin's disease, 
mediastinal seminoma, and (less commonly) thymoma, to the 
extent that the neoplastic elements may be overshadowed by the 
cystic/inflammatory process (169 ,170 ). Other primary thymic 
neoplasms, which also may be closely associated with prominent 
cystic changes, although to a lesser extent, include basaloid 
carcinoma and mucoepidermoid carcinoma (171 ,172 ). Careful 
search and extensive sampling must therefore be undertaken in 
cystic mediastinal lesions for proper identification of the diagnostic 
neoplastic areas. 
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Figure 19.17 A. Thymic remnant composed predominantly of 
small lymphocytes simulating a lymphoid nodule. Note the single 
row of flattened epithelial cells at the periphery. B. Thymic 
remnant composed of cortical and medullary portion, the latter 
containing a small Hassall's corpuscle (bottom half). 
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Figure 19.18 Cystic dilatation of Hassall's corpuscle. Notice dense 
inflammatory infiltrate within the wall of the cyst. 
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Another form of tissue response to injury of the thymus that may 
introduce difficulties for diagnosis is that of stromal fibrosis. 
Fibrous overgrowth of the stroma may be the result of various 
mechanisms in a variety of nonneoplastic conditions [including a 
specific stimulus such as ionizing radiation or fungal infection (173 
,174 )] or of undetermined etiology [such as in idiopathic 
sclerosing mediastinitis (175 ,176 ). In addition, a variety of 
malignant conditions of this organ also may be accompanied by 
prominent fibrous changes of the stroma, including primary diffuse 
large cell lymphoma of the mediastinum, Hodgkin's disease, and 
thymic seminoma (166 ). In many such instances, the gland may 
show extensive sclerosis with entrapment of a few scattered foci 
harboring the diagnostic atypical cells. Such cases may prove 


literally impossible to diagnose in small mediastinoscopic biopsies 
and will require extensive sampling of the mass to identify the 
diagnostic areas. The surgeon must be informed of the need for 
obtaining additional tissue for diagnosis at the time of frozen 
section examination. 


Another potential pitfall for diagnosis is given by the high 
cellularity, immaturity, and mitotic activity of the normal thymic 
cortex, which can pose great diagnostic difficulties in 
mediastinoscopic biopsies and result in a mistaken diagnosis of 
malignant lymphoma, particularly of the 
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lymphoblastic type. The paucity or absence of cells with 
convoluted nuclei and the identification (morphologically or 
immunohistochemically) of epithelial cells regularly scattered 
throughout the lymphoid population should point toward the 
correct interpretation. Finally, an additional source of difficulty for 
diagnosis lies in the presence of biopsy-induced artifacts, one of 
the most common being the crush artifact, leading to marked 
nuclear elongation reminiscent of that seen in small cell carcinoma 
(Figure 19.19 ). 
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Figure 19.19 Extensive crush artifact is seen in this thymic 
remnant obtained through mediastinoscopic biopsy. 
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Margaret E. Billingham 


Introduction 


With the introduction of the cardiopulmonary bypass technique into 
clinical practice a half-century ago, pathologists found themselves 
dealing more frequently with cardiac specimens in the surgical 
pathology laboratory. For many years this consisted of explanted 
valves, pericardiectomy specimens, ventricular aneurysectomy 
excisions, and interventricular myomectomy specimens. It was not 
until cardiac transplantation began in 1968 that the surgical 
pathologist began handling entire heart specimens. Currently, more 
than 73,000 heart and combined heart-lung transplant procedures 
have been recorded in the registry of the International Society of 
Heart and Lung Transplantation (1). Thoracic transplantation in the 
pediatric age group ranging from neonates to adolescents is now 
commonly performed (2). The explanted hearts from infants and 
children often have complicated congenital heart lesions that have 
undergone one or more corrective surgical interventions. Surgical 
pathologists need to have some expertise in the 
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morphologic evaluation of end-stage heart disease of all types. Since 


the early 1970s, endomyocardial biopsies for the assessment of 
allograft rejection, infiltrative lesions, and inflammatory disorders 
are performed routinely. Today many institutions have initiated 
ventricular assist device (VAD) programs, and ventricular apical 
Specimens are routinely submitted. Like other biopsy specimens, 
these fall under the auspices of the surgical pathologist. Further, the 
introduction of complex electrophysiologic mapping techniques and 
imaging modalities such as transesophageal echocardiography, 
intravascular ultrasound, cardiac gated spiral-computed tomography 
(CT) angiography, and magnetic resonance imaging (MRI) have 
renewed interest in structural-functional correlations. Pathologists 
have assumed a central role in the clinical evaluation and application 
of these technologies. 


The purpose of this chapter is to review normal cardiac anatomy and 
histology. The histology of the great vessels is described elsewhere 
in this book. For the most part, adult histology is described; but, 
where important differences exist, the histology in infants and 
children is also addressed. Furthermore, the purpose is not to be 
encyclopedic. Rather, we will highlight those areas that are of 
practical importance to the surgical pathologist to enable the 
distinction between normal and subtle cardiac pathology. As each of 
the major anatomic divisions of the heart is described, relevant 
aspects of aging, gender changes, and/or applied anatomy are 
mentioned. We have also included recommendations for handling 
endomyocardial biopsy specimens and common artifactual alterations 
in this discussion. 


Heart Weights 


The weight of the normal adult heart is generally achieved by the end 
of the second decade of life. Heart weight in infants and children is 
related to age and body size, and tables are readily available in 
published works (3,4). A variety of approaches to estimating the 
weight of the adult heart have been used in clinical practice. These 


differ in complexity and accuracy; for example, the practical 
guidelines for unfixed adult heart weights published by Hudson in 
1965 (5) indicate the male heart weighs 0.45% of the body weight 
(325 A+ 75 g; average 300 g) and the female heart weighs 0.40% of 
the body weight (275 A+ 75g; average 250 g). Heart weight varies 
with age, sex, and body height and weight. Using this type of 
approach, the heart weight in young athletic adults may approach or 
exceed the upper limits of normal by up to 25%, whereas in the 
elderly it may approach or be slightly below the lower limits of 
normal. 


Kitzman and colleagues from the Mayo Clinic (6) proposed a more 
comprehensive approach that predicts the normal heart weight of a 
formalin-fixed specimen based on body weight. In their study, body 
height as a predictor proved less accurate than body weight. The 
impact of formalin fixation on the weight of the heart has been 
addressed with conflicting findings. In one study, the overall finding 
was that heart weight increased by 5% after fixation, although 
considerable individual variationa€”ranging from weight loss to 
weight gaina€”was reported (7). Descriptive tables of normal 
ventricular wall thickness, chamber size, and valvular orifice 
measurements are available in textbooks and postmortem dissection 
manuals (4,8,9,10). 


Prenatal Fetal Circulation 


It is beyond the scope of this chapter to discuss cardiac embryology. 
Developmental molecular biology has provided many new insights in 
cardiogenesis, some of which have radically altered previously held 
tenets (11,12,13,14). Currently it is thought that the human heart 
begins to beat around day 17. Well-oxygenated blood leaves the 
placenta via the umbilical vein, a portion of which passes through the 
hepatic sinusoids, and the remainder bypasses the liver by way of 
the ductus venosus to enter the inferior vena cava (IVC). Caval blood 
enters the right atrium together with an admixture of deoxygenated 


blood from the lower body. Approximately one-third of this blood is 
diverted through the interatrial septum (ostium secundum) into the 
left atrium, where it mixes with the small amount of deoxygenated 
blood returning from the lungs. The blood then passes into the left 
ventricle and exits into the ascending aorta to supply the coronary 
arteries, brain, and upper limbs. Approximately 50% of the blood is 
returned to the placenta for reoxygenation via the umbilical arteries. 
The remainder of the blood supplies the lower half of the body. Blood 
returning to the heart from the upper body reaches the right atrium 
through the superior vena cava (SCV). It mixes with the residual 
two-thirds of the blood from the IVC and enters the right ventricle. A 
small portion is distributed to the lungs, but the majority is diverted 
across the ductus arteriosus to the descending aorta. Blood is 
returned to the placenta with only a small amount reaching the lower 
body of the fetus. 


Postnatal Circulation 


At birth, a series of anatomic and physiologic changes occur, 
beginning with the infant's first respiratory efforts. The circulation of 
fetal blood through the placenta ceases, and the infant's lungs 
expand. As alveoli become aerated, the pulmonary vascular bed 
dilates, causing increases in pulmonary blood flow and abrupt decline 
in pulmonary vascular resistance. Additionally, active remodeling of 
the pulmonary vasculature begins and continues over a period 
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of a few weeks. This consists primarily in the reduction of the 
muscular medial layer of arterioles and small arteries. Increased 
blood return to the left atrium by way of the pulmonary veins results 
in slightly higher left atrial pressures compared to the right atrium. 
This causes the flap covering the foramen ovale to seal, leaving the 
indentation called the fossa ovale. By the end of the first month after 
birth, the significant differences in ventricular hemodynamic load 
result in thickening of the left ventricular wall and thinning of the 
right ventricular wall. The ductus arteriosus, located between the left 


pulmonary artery and aortic arch, functionally closes within 15 hours 
after birth, and the umbilical veins begin to constrict. 


Pericardium 


The pericardium surrounds the heart and consists of a fibrous and a 
serous sac. The fibrous, or parietal, pericardium envelops the heart 
and is reflected off the ascending aorta, the pulmonary trunk, and 
the terminal 2 to 4 cm of the SVC, the distal segment of the IVC, and 
the pulmonary veins. In the normal state, the fibrous pericardium 
surrounding the heart remains unattached to the serous (visceral) 
pericardium except at the pericardial reflections. The parietal 
pericardium is composed of collagenous fibrous tissue (Figure 20.1). 
Its inelastic tendencies account for the development of cardiac 
tamponade when it is acutely stretched with more than 250 ml of 
fluid. It may contain variable amounts of adipose tissue, particularly 
toward the apex of the heart. A thin layer of mesothelial cells on its 
inner surface lines the parietal pericardium. It is normally less than 1 
mm in thickness. Heterotopic tissues within this layer include thyroid 
and thymic elements. Neoplastic and hyperplastic alterations have 
been described, including intracardiac thyroid in the right ventricular 
outflow tract (15). 


Figure 20.1 Section showing fibrous pericardium (F) separated 
from the thinner epicardium (E) (elastic van Giesen). 


Figure 20.2 Section showing the epicardium lined by mesothelial 
cells (arrow) and covering the subepicardial adipose tissue and 
myocardium (H&E). 


The serous, or visceral, pericardium is also called the epicardium of 
the heart. It is a single layer of mesothelium that envelops the heart 
and is in continuity with the fibrous pericardium at the pericardial 
reflections at the great vessels (Figure 20.2). This delicate 
membrane covering the heart contains variable amounts of adipose 
tissue within which are embedded the coronary arteries and veins, 
lymphatic vessels, nerves, fibroblasts, and macrophages (Figure 
20.3). The normal epicardium often has small aggregates of 
lymphocytes that are present from birth. 


Between the two mesothelial layers of the parietal and visceral 
pericardium is a potential space containing up to 50 mL of straw- 
colored fluid that allows the surfaces to glide over one another in the 
normal state. The histologic composition of the two layers of the 
pericardium does not alter with age and is similar in infants, children, 
and adults. 


Figure 20.3 Section of the epicardium showing the relationship 
of coronary vessels (arrows) and nerves (N) to the epicardium 
(H&E). 
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Applied Anatomy 


Surgical pathologists may receive pericardiectomy specimens in 
cases of constrictive pericarditis or recurrent tamponade. Nonspecific 
fibrosis and chronic inflammation are observed, but granulomatous 
infection and neoplastic infiltrates should be excluded. In explanted 
hearts, the pericardial surfaces are often thickened by previous 
disease states or surgical interventions, in which case the epicardium 
and parietal pericardium are adherent. Occasionally nodular 
collections of epicardial fat may be misinterpreted grossly as 
metastases. Congenital cysts of the pericardium are rare. Heterotopic 
thyroid and thymic tissue should be distinguished from cardiac 
involvement by contiguous spread or metastasis. In obese subjects, 
there may be excessive epicardial deposits of adipose tissue, and the 
measurement of ventricular thickness should be carefully evaluated. 
In conditions of cachexia, epicardial fat may undergo serous atrophy, 
resulting in small gelatinous tissue tags (10). 


Cardiac Skeleton 


The cardiac skeleton at the base of the heart is the central 
supporting structure to which most of the fibers of the myocardium 
are attached and to which the atrioventricular and aortic valves are 
anchored. A separate mass of fibrous tissue (the conus ligament) 
joins the pulmonary ring to the aortic ring. It also serves to separate 
the atrial and ventricular chambers. It is composed of the right and 
left fibrous trigones, membranous septum of the interventricular 
septum, and the fibrous annuli of the atrioventricular foramina (16). 
The fibrous skeleton is composed of layers of dense collagenous 
connective tissue admixed with small numbers of elastic fibers and, 
on occasion, small aggregates of adipose tissue. The fibrous tissue of 
the mitral and aortic valve rings is more substantial than the right- 


sided valves, and the right and left trigone create the direct mitral- 
aortic continuity (17). The right trigone and membranous septum 
form the central fibrous body within which the atrioventricular bundle 
is embedded. Bone or cartilage is not normally found in the fibrous 
Skeleton of human hearts, although they have been described in 
some animal species. 


Applied Anatomy 


Portions of the cardiac skeleton may be seen in explanted valves. 
The close proximity of the fibrous skeleton to the conduction system 
and valvular leaflets is an important consideration for surgeons. 
Alterations can significantly affect the functional outcomes of all 
these components. 


Internal Structure of the Heart Wall 


The wall of the heart in all chambers consists of three main layers: 
(a) the endocardium, (b) the intermediate muscular portion of the 
myocardium, and (c) the external portion, or epicardium. Most 
investigators believe that the endocardium is homologous with the 
tunica intima of blood vessels, the myocardium with the smooth 
muscle media, and the external epicardium with the adventitial layer. 
The endocardium consists of a single layer of endothelial cells 
(Figures 20.4,20.5) with a subendothelial portion containing a loose 
elastic framework and collagen bundles, as well as nerves and 
delicate blood vessels (Figure 20.6). 


While the chambers of the heart are composed of these three layers, 
there can be variation in the thickness of one or more components. A 
rudimentary layer of smooth muscle is often found in the 
endocardium of both atria and the 
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ventricles (Figure 20.7). The endocardium of the atria is thicker than 
the ventricles. Small bundles of smooth muscle are often found but 


are of questionable functional significance. The myocardium is 
composed of bundles of myocytes separated by fibrous bands (Figure 
20.8). The individual myocytes form a syncytium with end-to-end 
junctions (called intercalated disks) and sometimes side-to-side 
junctions. Individual myocytes contain a central ovoid nucleus with a 
clear zone at the poles (Figure 20.9). The normal cardiac myocyte 
contains small amounts of lipofuscin granules (lysosomes), which 
increase in quantity with age. The myocytes are filled with contractile 
myofibrils (actin and myosin). In addition, atrial myocytes contain 
atrial dense-core bodies that are demonstrable by electron 
microscopy (Figure 20.10). The epicardial portion of the chambers 
was described earlier. 


Figure 20.4 Section showing a single layer of endothelial cells 
covering the myocardium (arrow) (H&E). 


Figure 20.5 One-Aum thick section (plastic embedded) of the 
endothelium covering the fenestrated elastic fibers (arrow) and 
collagen fibers of the subendocardium (toluidine blue). 


Figure 20.6 Section of the endocardium showing the distribution 


of the elastic fibers (black) and the collagen bundles (red), as 
well as vessels and nerves in the subendocardial layer. 


Figure 20.7 Section of endocardium showing smooth muscle 
bundle (arrow) (Masson's trichrome). 


Figure 20.8 Section through the right ventricular wall showing 
the distribution of collagen from the endocardium (left) through 
the myocardium and to the epicardium (right) in the normal 
heart (Masson's trichrome). 


I nteratrial Septum 


The interatrial septum separates the right and left atrial chambers. 
In the normal state this separation is complete, although the 
foramen ovale may retain a small communication at its floor where 
the septum has not fused (the so-called patent foramen ovale). This 
is reported in up to 30% of adults and is usually without clinical 
complications (18). The foramen ovale is closed by the septum to 
form the circular, dime-sized oval fossa. This represents the true 
interatrial septum, with the remainder of the anatomic structure 
being comprised of caval or pulmonary venous infoldings and the 
muscular and membranous components of the atrioventricular region 
(17). The membrane covering the oval fossa is a paper-thin, 
translucent layer early in life that becomes fibrotic and thickened 
with age, measuring up to 
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2 mm in thickness. The histology of the septum displays variable 
amounts of atrial muscle, fibrous tissue, mature adipose tissue, and, 
on occasion, brown fat (Figure 20.11). The thickness of the atrial 
septum varies considerably. 


Figure 20.9 Section of myocardium showing ovoid nuclei and 
intercalated disks (arrow) (H&E). 


Figure 20.10 Electron micrograph of atrial dense-core granules 
(small arrow) that can be differentiated from the lipofuscin 
granules (large arrow). 


Applied Anatomy 


Lipomatous hypertrophy of the interatrial septum is characterized by 
accumulations of adipose tissue within the U-shaped lip, or limbus, of 
the oval fossa and may produce bulging of the interatrial septum. In 
some patients, the patent foramen ovale can be the site of interatrial 
shunting or paradoxical embolism. 


Figure 20.11 The right atrium showing the pectinate muscles 
(P), the crista terminalis (T), and the interatrial septal fat (F). 


Right Atrium 


Venous return to the heart occurs via the IVC and SCV into the right 
atrium. The right atrium forms the right lateral cardiac border and is 
located anterior to the left atrium and to the right of it. 
Anteromedially, the right atrial appendage protrudes from the right 
atrium and overlaps the aortic root (17). The atrium is composed of 
an auricular appendage, a smooth-walled venous sinus that contains 
the openings of the cavae and coronary sinus, a septal component, 
and a portion near the opening of the tricuspid valve (19). Extending 
between the right sides of the openings of both cavae is a prominent 
muscular ridge called the terminal crest, which underlies the sulcus 
terminalis. The wide-based triangular appendage defines the 
anatomic right atrium. The interior surface of this appendage is 
trabeculated by muscular bands called pectinate muscles. The portion 
of the right atrium lateral to the terminal crest is smooth-walled and 


is derived embryologically from the sinus venosus (Figure 20.11). 
The right atrial wall measures 2 mm in thickness. 


The orifice of the SVC is valveless. The opening of the IVC has an 
inconstant, rudimentary valve called the eustachean valve. It forms a 
crescentic fold over the orifice and directed blood toward the 
foramen ovale and into the left atrium during fetal life. The opening 
of the coronary sinus has a rudimentary flap of tissue called the 
thebesian valve; these valves vary greatly in size and may be 
fenestrated or absent. A Chiari's network, usually appearing as a 
lacelike veil of tissue, represents the remnant of the right sinus 
venosus valve and is occasionally found in normal hearts (Figure 
20.12). The right atrial chamber is covered by endocardium. In the 
Subendocardium, elastic fibers pass into a typical fenestrated elastic 
membrane that contains blood vessels, nerves, and branches of the 
conducting system. In the spaces between the muscle bundles of the 
atria, the wall is so thin that the connective tissue of the 
endocardium blends with the epicardium. The epicardial surface of 
the atrium is rich in nerves and ganglia (Figure 20.13). 


Left Atrium 


Like the right atrium, this chamber consists of an appendage, a 
venous component containing the ostia of the four pulmonary veins, 
a septal component, and a region near the mitral valve orifice. On 
average, the wall of the left atrium is 3 mm in thickness. The septal 
surface is smooth. The four pulmonary veins open into the left atrium 
in the posterior wall. The atrial appendage has a narrow, angulated 
tubular shape resembling a hockey stick and is lined by pectinate 
muscles. At its interface with the venous portion of the atrium, it 
lacks a terminal crest. The endocardial layer is thicker and more 
Opaque than on the right side, due in part to the higher pressures of 
the pulmonary veins emptying into the atrium. Sometimes a patch of 
thickened rough 
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endocardium is seen on the posterior wall above the mitral valve as a 
result of mitral regurgitation. This is called MacCallum's patch but is 
not usually seen in the normal heart. The two left pulmonary veins 
enter on the posterolateral surface, and the right veins enter on the 
posteromedial side; there are no true valves at the venous-atrial 
junction. Small collections of atrial muscle can be found within the 
walls of the pulmonary veins at this junction and may act as 
physiologic valves. On occasion, this is the source of isolated or left- 
sided atrial fibrillation and is treated by ablation techniques. 


Figure 20.12 Picture of the Chiari's network (arrows), or 
lacelike pattern of the remnants of the thebesian valve, in the 
inferior vena cava opening into the right atrium. 


Figure 20.13 Section through the right atrium showing the 
nerves and ganglion cells (arrow) in the overlying subepicardial 
adipose tissue (elastic van Giesen). 


The atrial septum is smooth on the left side but has a central shallow 
depression corresponding to the oval fossa. The endocardium of the 
left atrium is thicker as a result of increased collagen layers, 
particularly near the openings of the pulmonary veins. Otherwise the 
histology is similar to the right atrium. 


Right Ventricle 


The morphologic right ventricle lies anterior to the other heart 
chambers. It has an inflow portion (sinus), an apical trabecular 
component, and an outflow portion (infundibulum conus) (20). The 
outflow tract is separated anatomically from the inflow tract by a 
muscular arch called the crista superventricularis. The endocardial 
Surface is coarsely trabeculated, particularly in the apica region. 


On sectioning, the trabeculations form the inner two-thirds of the 
ventricular wall. The septal surface is deeply trabeculated with 


coarse trabeculae carneae and a thick muscular column called the 
moderator band (Figure 20.14). This moderator band is found in 
most hearts and connects the distal portion of the septum to the free 
wall. It terminates in the region of the anterior papillary muscle. 
Myocyte disarray is a common finding within trabecular muscles and 
Should not be confused with hypertrophic cardiomyopathy. The right 
bundle branch travels through the muscular ventricular septum and 
courses down to end in the moderator muscle. The papillary muscles 
of the right ventricle are relatively constant, with an anterior 
papillary muscle located on the anterior wall near its junction with 
the septum and a small posterior papillary muscle arising under the 
crista sSuperventricularis at the inferior border of the right ventricular 
outflow tract. In addition, there is an 
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inconstant group of posterior papillary muscles that can arise from 
the diaphragmatic wall of the right ventricle. 


Figure 20.14 A section of trabeculae carneae from the normal 
right ventricle. 


The histology of the right ventricle consists of a thin endocardial 
layer. The thickness of myocardial wall in normal human adults is 
about one-third that of the left ventricle and measures up to 5 mm. 
The endocardium is similar to the other chambers except it has more 
variability from region to region, with the thickest area found in the 
septum. The subendocardial space includes a fenestrated elastic 
membrane and, on occasion, bundles of smooth muscle, particularly 
in the interventricular septum (Figure 20.7). The interventricular 
septum also contains blood vessels, nerves, and the left bundle 
branch of the conduction system. The ventricular free wall has 
numerous vascular channels consisting of intertrabecular channels 
that lead into myocardial sinusoids and thebesian veins. Myocardial 
sinusoids are also found within the trabeculae. Arterioluminal 
vessels, leading directly from the systemic coronary circulation into 
the capillary beds, empty into the myocardial sinusoids. The 
myocardium is richly supplied with small vascular channels that form 
an intramural circulation (21). There is an extensive web of 
capillaries that course among the cardiac muscle fibers, are fed by 
branches of the coronary arteries, and are drained, in part, by the 
coronary veins. They are also directed to the intramyocardial 
sinusoids and thence into the lumen of the heart. Deep within the 
myocardial musculature is found, in addition to the capillary bed, a 
richly anastomosing network of irregular channels that have been 
called myocardial sinusoids. These sinusoids receive vessels from the 
coronary arteries and the capillaries and communicate with coronary 
veins. The connections between the coronary arteries and the cardiac 
chambers are called arterioluminal vessels (Figure 20.15). Within the 
myocardium, variable amounts of adipose tissue can be found, 
particularly in the free wall portions. When extensive, it is called 
fatty infiltration of the right ventricle and represents a metaplastic 
change. It should not be confused with arrhythmogenic right 
ventricular dysplasia/cardiomyopathy. 


Endocordium Myocardium Epicardium 


Arterio -luminal 
vessel 


Myocardial sinusoid- 
Intertrabecular spoce— 


Anastomosis between 
myocardial sinusoids 


Anastomoses 
between _ 
coronory orteries 


Arterio-sinusoidal — 
vessel 


Trabeculae cornece __ Arterio-venous 


anostomosis 
Capillory bed ———— 


Myocardial sinusoid Veno- venous 


onastomosis 
Copillories emptying into_ 
myocardial sinusoids 


. }— Coronary vein 
Thebesian vein 


Anastomosis between 
Thebesian veins 


Figure 20.15 Diagrammatic representation of the various 
intramural vascular channels. Reprinted with permission from: 
Gittenberger-de Groot AC, Bartelings MM, Deruiter MC, Poelmann 
RE. Basics of cardiac development for the understanding of 
congenital heart malformations. Pediatr Res 2005;57:169a€“176. 


Applied Anatomy 


The importance of recognizing the presence of myocyte disarray and 
adipose tissue as common findings within the trabeculated 
musculature of the right ventricle of the normal adult heart has been 


discussed. The apical trabecular region is also the site of pacemaker 
wire placement and endomyocardial biopsy sampling. 


Left Ventricle 


The left ventricle receives blood from the left atrium during 
ventricular diastole and ejects blood into the systemic arterial 
circulation across the aortic valve during ventricular systole. The left 
ventricle is somewhat bullet-shaped, with the blunt tip directed 
anteriorly and inferiorly and to the left (22). Like the right ventricle, 
it is composed of inflow, septal, and outflow components. It lacks the 
moderator band and septomarginal trabeculations of the right 
ventricle (19). The left ventricular chamber is surrounded by a thick 
muscular wall measuring up to 15 mm in thickness (note: the 
papillary muscles are not included in the measurement). The medial 
wall of the left ventricle is the interventricular septum, which is 
Shared with the right ventricle. The septum is roughly triangular in 
Shape, with the base of the triangle at the level of the aortic cusps; 
it is entirely muscular, except for the small membranous septum 
located just below the right coronary and posterior cusps. The upper 
third of the septum, or outflow tract, is lined by smooth 
endocardium. The inferior two-thirds of the septum and the 
remaining ventricular walls are composed of the trabeculae carneae, 
which are thinner and less prominent than in the right ventricle. The 
free wall of the left ventricle is that portion that is exclusive of the 
septum. 


The histology of the left ventricle is similar to that of the right side, 
although the endocardium is slightly thicker as a result of higher 
hemodynamic pressures. The small arterioles subadjacent to the 
endocardium have slightly thicker walls than those of the right 
ventricle, most likely due to the higher pressure in the left ventricle. 
The myocardium of the left ventricle is arranged in such a way that it 
appears to spiral inward from the superficial layers. The superficial 
layers run at right angles to the layers deeper within the wall. These 


layers are intimately interdigitated to prevent dissection into lamina 
structures. The attachment of the muscular layers is from the fibrous 
Skeleton at the base of the heart. The deeper muscle layers of the 
interventricular septum are composed of the deep bulbospiral muscle 
in the center of the septum originating from the septal portion 
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of the atrioventricular annulus. The fascicles of the deep bulbospiral 
and sinospiral muscles interdigitate within the muscular 
interventricular septum. The spiral muscle pulls the base of the 
ventricle toward the apex during systolic contraction. The blood 
supply is similar to that of the right ventricle. 


Applied Anatomy 


Portions of the left ventricular subaortic outflow tract may be 
submitted as myomectomy specimens in patients with asymmetric 
hypertrophic cardiomyopathy. Portions of the left ventricular free 
wall may be removed as aneurysectomy specimens or during VAD 
placement. The intermediate bulbospiral muscle of the 
interventricular septum is primarily involved in idiopathic 
hypertrophic subaortic stenosis (IHSS). Because it lies deep within 
the septum, the disarray associated with IHSS may not always be 
seen in the superficial myomectomy specimen. 


Cardiac Valves 


Semilunar Valves 


The semilunar valves consist of the pulmonic and aortic valves. The 
normal valve circumference for the aortic valve is 5.7 to 7.9 cm for 
women and 6.0 to 8.5 cm for men (23). The normal pulmonic valve 
circumference is 5.7 to 7.4 cm for women and 9.2 to 9.9 cm for men 
(23). Interestingly, when adjusted for body surface area, the valves 
in women are slightly larger than in men (6). Each semilunar valve 
consists of three semicircular cusps (24), each of which is attached 


by its semicircular border, or annulus, to the aortic or pulmonic ring. 
The three points of lateral attachment of adjacent cusps are the 
commissures (Figure 20.16). The lines of cusp apposition are not at 
the free margin but are angulated lines extending from well below 
the point of attachment in the commissure to just below the midpoint 
of the free edge. In the aortic valve, these lines (the linea alba) and 
the central nodules (the noduli arenti) can be seen (24). In the 
pulmonic valve, these landmarks are less obvious because of the 
lower right-sided pressures. The lunulae are thin, delicate areas of 
cusp between the linear alba and the free edge. 


Figure 20.16 Aortic valve from normal heart showing the cusps 
and the coronary ostia. 


The semilunar aortic and pulmonic valves are similar in configuration, 
except that the aortic cusps are slightly thicker and contain coronary 
ostia. They are situated at the summit at the outflow tract of their 
corresponding ventricle, the pulmonic valve being anterior, superior, 
and slightly to the left of the aortic valve in the normal heart. The 
cusps, which are often slightly unequal in width, circle the inside of 


the respective vessel root (e.g., pulmonary artery trunk or aortic 
root). Behind each cusp, the vessel wall bulges outward, creating a 
pouchlike dilatation known as the sinus of Valsalva. The portion of 
the cusp adjacent to the rim is thin and may contain small 
perforations in the normal situation. The noduli arenti meet in the 
center and contribute to the support of the leaflets. Because the 
plane of the aortic valve is oblique with the right posterior side lower 
than the left anterior side, the origin of the left coronary artery is 
Slightly superior to that of the right coronary artery. The ostia of 
coronary arteries are located in the upper third of their respective 
sinuses. The right coronary artery passes anteriorly and to the left. 
In some hearts, there is a separate ostium in the right coronary 
sinus for the conus artery, sometimes called the third coronary 
artery (22). 


The histology of the semilunar valves is that of a well-defined 
multilayered structure. Three distinct layers are recognizable: the 
fibrosa, the spongiosa, and the ventricularis. The fibrosa is a layer of 
dense collagen that constitutes the major structural component of 
the cusp and extends to its free edge (25). The densely packed 
collagen bundles blend into the collagen of the valvular ring in the 
region of the commissures. Some fibroblasts are present in this 
layer, aS are some very fine elastic fibers. The spongiosa is 
Subadjacent to the fibrosa and occupies a central position in the 
thickness of the cusp (Figure 20.17). It is best developed in the basal 
third of the cusp. It does not extend to the free edge, which is 
composed only of fibrosa and ventricularis layers. The spongiosa is 
composed of large amounts of proteoglycans, such as 
glycoaminoglycans, loosely arranged collagen fibrils, scattered 
fibroblasts, and mesenchymal cells (25). The ventricularis is 
Subadjacent to the spongiosa and is in direct contact with the 
endothelial layer of the inflow surface of the cusp (i.e., closest to the 
ventricular surface). It is distinguished from the fibrosa by its 
abundance of elastic fibers. This feature is often helpful in orienting 
and identifying the layers of excised aortic valvular cusps. The 


surface lining of the cusps consists of a single layer of endothelial 
cells. The surface topography of the aortic cusp varies according to 
its state of stress. The bundles are wavy and the inflow surface is 
smoother in the stressed state and rougher in the relaxed state (25). 


Figure 20.17 High- (A) and low-power (B) views of a section of 
the aortic cusp showing the three distinct layers as described in 
the text. 
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Atrioventricular Valves 


The atrioventricular valves consist of the mitral valve and the 
tricuspid valve. The normal circumference of the tricuspid valve is 10 
to 11.1 cm in women and 11.2 to 11.8 cm in men (23). The normal 


circumference of the mitral valve is 8.2 to 9.1 cm in women and 9.2 
to 9.9 cm in men (23). The valvular apparatus is made up of the 
annulus, commissures, leaflets, chordae tendineae, and papillary 
muscles. The annulus is composed of a ring of circumferentially 
oriented collagen and elastic fibers with extensions into the ventricle 
and atrium. 


The atrioventricular valves have four histologic layers (Figure 20.18). 
The collagen bundles of the annulus spread down into the cusp of the 
mitral valve and are known as the fibrosa. They continue into the 
chordae tendineae and finally spread out into a network that covers 
the tip of the papillary muscles (Figure 20.19). Adjacent to the 
fibrosa layer on the ventricular side of the valve is the ventricularis. 
The ventricularis contains many elastic fibers and is covered by 
endothelium. Some of the elastic fibers extend into the chordae 
tendineae; but, in general, this layer is incomplete, as it does not 
extend to the free edge of the leaflet. The spongiosa is situated on 
the atrial side of the fibrosa layer. Like the semilunar valves, it has a 
rich abundance of glycosaminoglycans and a few elastic fibers, 
collagen fibrils, and connective tissue cells (25). This layer, along 
with the fibrosa layer, extends through the entire length of the 
leaflet. The spongiosa in the anterior and posterior mitral leaflets 
may contain cardiac myocytes that are a direct extension of the left 
atrial myocardium (Figure 20.18). In the anterior mitral leaflet, this 
layer extends into the middle third, whereas in the posterior leaflet it 
only extends into its proximal third. Neural elements and lymphatics 
can be found in the leaflets. The atrial aspect of the spongiosa (i.e., 
layer closest to the atrium) is covered by the auricularis, 
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which in turn has an endothelial lining. The auricularis contains 
collagen and elastic fibers and smooth muscle cells. It is prominent 
near the annulus but thins out in the distal third of the leaflet such 
that the most distal aspect of the valves is composed only of 
spongiosa and fibrosa. The endothelial cells on the atrial aspect of 
the atrioventricular valves are plump and have irregular nuclei 


compared to the flatter endothelial cells on the ventricular aspect. 


Figure 20.18 High- (A) and low-power (B) views of a section of 
the mitral leaflet showing the three distinct layers with muscle in 
the central portion near the base of the valve. 


Figure 20.19 A normal mitral valve with chordae tendineae 
inserting into the papillary muscles. 


The architecture of the tricuspid valve apparatus and the layered 
arrangements of its leaflets are similar to those in the mitral valve; 
however, the individual layers are thinner in the tricuspid valve. 
Cardiac muscle bundles insert fairly low into the base of the tricuspid 
leaflets but do not extend into the leaflet substance. In the posterior 
and septal leaflets, the auricularis is thicker and contains more 
abundant smooth muscle cells. 


Chordae Tendineae 


The chordae tendineae in the normal state are thin fibrous cords that 
emanate in a fanlike manner from the broad leaflets of the 
atrioventricular valves and insert into the papillary muscles (Figure 
20.19). The central cores of the chordae are composed of 
longitudinally oriented collagen fibrils. The core is surrounded more 
peripherally by loosely arranged collagen fibrils and elastic fibers and 
is embedded in proteoglycan-rich matrix (25) (Figure 20.20). Some 


chordae contain a small central core of muscle known as chordae 
muscularis (Figure 20.21), although others contain blood vessels and 
collagen in variable amounts and appear fleshier in color (Figure 
20.22). The endothelial cells on the chordae resemble the flattened 
ovoid nuclei of the ventricular surface of the leaflets. 


Figure 20.20 Longitudinal section of chordae tendineae showing 
the relationships of elastic fibers on the surface and collagen in 
the center (elastic van Giesen). 


Figure 20.21 Transverse section of chordae tendineae showing 
central core of muscle (H&E). 


Applied Anatomy of Intracardiac Valves 


Semilunar and atrioventricular valves are frequently encountered in 
the surgical pathology laboratory. Indications for valvular 
replacement or repair include a variety of congenital, infectious, 
inflammatory, degenerative, and paraneoplastic causes. In many 
cases, the chordae and portions of papillary muscle may be attached. 
In the 
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setting of myocardial infarction, infection, or valvular prolapse, 
ruptured papillary muscles may become surgical specimens. Lambl's 
excrescences and fibrous nodules are papillary projections along the 
lines of closure or free edge of the valve, respectively. 


Figure 20.22 Transverse section of a muscular chorda showing 
fibrous tissue, muscle, and small vessel within the chorda 
(Masson's trichrome). 


Aging Changes of Intracardiac Valves 


With age, all the cardiac valves become thicker, more opaque, and 
less pliable. The increase in collagen content may account for the 
loss of plasticity, and calcifications may occur. The posterior leaflet 
of the mitral valve often shows yellow atheromatous alteration. The 
mitral valve annulus may become calcified with age. The valvular 
circumferences increase with age (6). 


Papillary Muscles 


The two papillary muscles of the right ventricle (anterior and conal) 
are relatively constant. There is also a group of inconstant posterior 
papillary muscles on the inferior wall. In the left ventricle there are 
two constant papillary muscles: the anterior and posterior. The 
papillary muscles receive the chordae. They are variable in shape 
and width and on occasion may have multiple heads (Figure 20.19). 


The histology of the papillary muscles includes the fibrous cap, into 
which the chordae insert (Figure 20.23). The small arteries and 
arterioles in the papillary muscle are notable for their wall thickness 
and irregularity in comparison to other intracardiac small vessels 
(Figure 20.24). The myocardium and the endocardial covering are 
similar to their counterparts described elsewhere. In marked 
ventricular dilatation, the papillary muscles may become thinned and 
flattened. 


Conduction System 


Myocardial fibers are delineated along two functional pathways in 
humans: (a) contractile fibers and (b) myocardial fibers specialized 
for the initiation and propagation of an impulse for contraction. The 
conduction system is recognized to be myogenic in origin, with 
nerves playing only a subsidiary controlling function. 


For most pathologists, examining the conduction system is often 
regarded as a daunting exercise. This is due in large part to the fact 
that the number of cases requiring detailed morphologic analysis is 
infrequent and is often limited to specific requests from clinicians. In 
addition to detailing the microscopic features of the sinoatrial and 
atrioventricular nodes, we will present our practical approach to the 
dissection of these structures. We recommend careful attention to 
key anatomic landmarks to ensure successful retrieval of these 
structures. 


Figure 20.23 Longitudinal section of papillary muscle showing 
the fibrous cap of the insertion of the chordae tendineae 
(Masson's trichrome). 


Sinoatrial Node 


The sinoatrial (SA) node has the highest intrinsic rate and is 
recognized as the primary pacemaker of the heart. This node 
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is situated within the terminal groove at the junction of the SVC and 
the lateral border of the right atrium (Figure 20.25). Its position is 
constant and is marked by the apex of the crest of the atrial 
appendage. It is ovoid or cigar-shaped in most hearts, but rare cases 


of horseshoe-shaped SA nodes are reported. Removal of a 
rectangular block of tissue that includes the distal SVC and atrium on 
either side of the terminal groove is recommended. Serial sectioning 
in a longitudinal plane parallel to the terminal groove at 2 mm 
intervals is recommended, and all the tissue slices can be 
accommodated in 2 tissue cassettes. Grossly identifying the SA nodal 
artery is also helpful in procuring the node (Figure 20.25). This is a 
branch of the right coronary artery that is found in slightly more than 
half of the general population. Microscopically, the node is arranged 
around a central artery adjacent to epicardial adipose tissue. The 
node is composed of dense connective tissue within which the small 
muscle fibers are embedded. The muscle fibers contain sparse 
myofibrils, the striations are not prominent, and the whole mass has 
a pseudosyncytial appearance. Connective tissue stains such as 
Masson's trichrome and elastic van Gieson stains highlight the 
abundant collagen and elastic fibers, respectively (Figure 20.25). 
Abundant nerve fibers run into the node. The exact pathway(s) 
carrying the electrical impulse from the SA node to the 
atrioventricular node remains controversial. Some investigators think 
that several specialized bundles of conducting system cells (e.g., 
anterior, middle and posterior internodal tracts) conduct the impulse 
around the atrium. Others argue that the arrangement of myocardial 
fibers within the atrium and interatrial septum serves to propagate 
the impulse (16). 


Figure 20.24 Section of abnormally thickened arteriole within a 
papillary muscle (elastic van Giesen). 


Figure 20.25 The sinoatrial node. A. The location of the 
sinoatrial node within the terminal groove at the junction of the 
Superior vena cava (SVC) and crest of the atrial appendage 
(box). B. Macroscopic and low-power magnification of serial 
sections of nodal tissue. Note the nodal artery that is adjacent to 
the sinoctrial node. C. High-power magnification of the sinoatrial 
node showing the specialized fibers embedded within collagen 
and elastic tissue (H&E, trichrome, and elastic van Giesen 
stains). 


Atrioventricular Node 


In our experience a heart opened along the lines of flow provides the 


optimum exposure for dissecting the atrioventricular (AV) node. From 
a right-sided approach the interventricular septum is oriented with 
the tip of the apex pointing downward. The important landmarks 
include the oval fossa, ostium of the coronary sinus, and tricuspid 
valve annulus and leaflets. The AV node lies within the 

Subendocardial tissues on the right side of the interatrial septum just 
anterior to the opening of the coronary sinus, posterior to the 
membranous interventricular septum, and above the tricuspid valve 
annulus within the triangle of Koch (26) (Figure 20.26). A 

rectangular block of tissue, beginning with a vertical incision 
adjacent to the ostium of the coronary sinus and extending 1 to 2 cm 
below the annulus, is removed. After careful trimming of valvular 
structures, the block will contain components of the tricuspid valve 
(septal leaflet) and mitral and aortic valves (Figure 20.26). Serial 
sectioning at 2 to 3 mm intervals and sequential placement in tissue 
cassettes yields a total of 8 to 10 cassettes. 


In histologic sections, the AV node is flattened against the central 
fibrous body and is composed of a network of muscle fibers, with the 
superficial zone having fibers arranged in a parallel manner. These 
specialized fibers retain their intercalated disks and striations but are 
characterized by their pale eosinophilic appearance (Figure 20.26). A 
small AV nodal artery is often identified adjacent to the AV node. At 
the anterior end of the AV node, the muscle fibers become arranged 
in parallel lines to form the main bundle of His or penetrating AV 
bundle. To reach the ventricle, the AV bundle pierces the central 
fibrous body and runs forward on the upper margin of the muscular 
ventricular septum. This penetrating portion of the main bundle is 
surrounded by dense connective tissue and anatomically is closely 
related to the aortic and mitral valve rings (Figure 20.26). 
Connective tissue stains can aid in the localization of the nodal 
tissue. The 
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fibers of the main bundle are arranged in parallel. The penetrating 
AV bundle terminates as the left and right bundle branches. The left 


fascicle runs downward over the endocardial surface of the 
interventricular septum to the base of the anterior papillary muscle, 
and the right fascicle ends in the moderator band of the right 
ventricle. Direct connection of both bundle branches to a complex 
ramifying system of subendocardial conduction fibers can be 
demonstrated in mammalian hearts. Light microscopy shows the 
fibers in the bundle of His and the conduction bundles to be small 
and contain few myofibrils (Figure 20.27). 


Figure 20.26 The atrioventricular nodal apparatus. A. The 


location of the AV node (box) viewed from the right ventricle. 
Important landmarks include the coronary sinus (CS), tricuspid 
valve annulus and leaflet (TV), and fossa ovale (FO). B. Serial 
sections of the rectangular block of tissue show the relationship 
of the nodal tissue to the tricuspid valve, mitral valve, 
atrioventricular valve, and fibrous skeleton of the heart. C. The 
atrioventricular (AV) node (left), AV penetrating bundle (middle) 
and AV bundle with fascicle (right) are shown. 


Figure 20.27 Section showing the pale cells of the mammalian 
conducting system. These cells contain glycogen and only sparse 
myofibrils (Masson's trichrome). 


Aging Changes in the Human Conduction 
System 


With advancing age, the SA node displays progressive increase in 


fibrous tissue while the AV node remains relatively unchanged. 
Similarly, fibrous tissue increases in the upper portion of the 
interventricular septum. These changes are associated with a loss of 
conduction fibers in the region of the left bundle branch. Up to 50% 
of the left bundle origin may be lost in people over 60 years of age 
(27). 


Cardiac Innervation 


The nerve supply of the heart is autonomic, including both the 
sympathetic and parasympathetic supply via both the efferent and 
afferent fibers. Histologically, large nerves can be seen in the 
epicardium and adjacent to the coronary blood vessels. Small nerves 
within the myocardium are hard to identify unless special stains are 
used. Myocardial nerves are best viewed using electron microscopic 
examination, by which the autonomic nerves can be distinguished. 
Cardiac ganglia (parasympathetic) can be found over the surface of 
the atria and in the AV groove (Figure 20.13). 


Autonomic Nerves 


Axonal varicosities occur at irregular intervals along autonomic 
fibers, and their morphology is considered useful in determining 
whether the nerve is adrenergic or cholinergic (25). In cholinergic 
nerves, the varicosities contain accumulations of agranular vesicles 
and a few mitochondria. In adrenergic nerves, the varicosities 
contain vesicles rich in electron-dense cores. Each of these cores is 
separated from the limiting membrane of the vesicle by an electron- 
lucent zone (Figure 20.28). Presumptive sensory nerve terminals 
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have large diameters and contain numerous mitochondria. They are 
located in perivascular regions and are surrounded by Schwann cells. 
A given Schwann cell may enclose adrenergic and cholinergic axons 
together with sensory axons (25). Autonomic ganglia are found in the 
subepicardial tissue of the atria and atria appendages and at the root 


of the great vessels, along the interatrial and AV grooves in the atrial 
septum and in the vicinity of the SA and AV nodes. Large nerves can 
be seen in the subepicardial layer adjacent to the epicardial coronary 
arteries. 


Figure 20.28 Electron micrograph of sympathetic nerve showing 
dense-core granules in the myocardium (original magnification 
A—22,500). 


Figure 20.29 Electron micrograph showing an_intramyocardial 
lymphatic with thin walls and no basement membrane (original 
magnification | A—20,000). 


Lymphatics 


There are two networks of lymphatics in the heart: (a) in the 
endocardium and (b) in the epicardium. The route of drainage of the 
endocardial network is through channels in the myocardium into the 
epicardial lymphatics. The epicardial meshwork of channels, 
containing many valves, drains toward the AV sulcus by means of 
several longitudinal channels that run for the most part parallel to 
the coronary veins in the anterior and posterior longitudinal sulci of 
the ventricles (25). Lymphatics leave the pericardial cavity to empty 
into one of the pulmonary hilar lymph nodes and join the lymphatic 
drainage system of the mediastinum or into the thoracic duct. 
Lymphatics are also found in the myocardial valves and lie within the 
grooves of the coronary blood vessels. 


The lymph capillaries and larger lymphatic vessels accompany blood 
vessels in the myocardial interstitium. The walls of the myocardial 
lymphatics consist of extremely thin endothelial cells, the nuclei of 
which bulge into the lumen (Figure 20.29). In contrast to endothelial 
cells of blood capillaries, those of the lymphatic capillaries do not 
have a well-defined external basal lamina. The endothelial cells of 
lymphatic capillaries may have Weibel-Palade bodies and transplant 
vesicles (25). The larger lymphatics are confined to the outer third of 
the myocardial wall and occasionally contain valves. These flaplike 
structures contain a core of collagen embedded in microfibrils and 
are covered by endothelium. 


Small Intramural Coronary Arteries 


The structure of the intramural coronary arteries and the larger 
coronary arteries is similar and consists of the endothelium, smooth 
muscle, and adventitia (Figure 20.30). 
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These smallest muscular arteries contain three or four layers of 
smooth muscle. Arterioles have flat, elongated endothelial cells that 
do not protrude into the lumen. Their internal elastic lamina is 
discontinuous. Metarterioles are also known as precapillary 
sphincters. The endothelial cells in metarterioles have numerous 
Surface projections that bulge into the lumen (25). Although the 
medial smooth muscles form a single discontinuous layer, it gradually 
disappears as capillaries begin. Capillaries are distinguished by the 
fact that their walls are composed of only a single layer of 
endothelial cells. They do not have smooth muscle cells but may 
have closely associated pericytes (25). Capillary endothelial cells 
may have microvilli and cytoplasmic processes (filopodia). The 
myocardium has a rich network of capillaries. These branches 
undergo anastomosis and eventually become thin-walled venules 
measuring up to 100 Aum in diameter. 


Figure 20.30 Transverse section of intramyocardial arteriole 
(elastic van Giesen). 


Veins and Venules 


Venules have thin, flat endothelial cells and characteristically contain 
a large amount of connective tissue in the vicinity of their external 
surface; they contain collagen fibrils that approach the endothelial 
layer and are anchored on its outer surface (25). Venules gradually 
increase in size to become veins. Veins have larger lumens but 
thinner walls than their arterial counterparts. 


Veins have three layers: the intima, media, and adventitia. The 
intima is thin, lacks smooth muscle cells and has a poorly defined 
internal elastic lamina. The media is also thin and contains few 
smooth muscle cells and elastic fibers. The adventitia is thick with 
abundant collagen and elastic fibers. Cardiac veins drain blood into 
either the coronary sinus or directly into the chambers (thebesian 
veins). 


The Endomyocardial Biopsy 


The transvenous endomyocardial biopsy is currently utilized for the 


diagnosis of allograft rejection and a variety of inflammatory, 
metabolic, and neoplastic conditions that affect the heart. Originally 
introduced in the early 1960s, the bioptome and the technique have 
undergone modifications that now permit clinicians the opportunity to 
obtain cardiac tissue in a safe outpatient setting (28). The right 
internal jugular vein or femoral vein approaches are commonly used. 
Complications are uncommon and include local problems (such as 
hematomas and nerve injury) and cardiac problems (such as 
arrhythmias, tricuspid valve apparatus damage, and ventricular 
perforation). 


Tissue Handling and Processing 


Proper tissue procurement and handling are essential for optimal 
diagnostic evaluation (29). Biopsy specimens should be gently 
extracted from the bioptome with a needle tip to limit crush 
artifactual distortion. The clinical indications for the biopsy 
determine, in large part, the method of tissue handling. For example, 
for standard light microscopy, the tissue should immediately be 
placed in a standard fixative such as 10% neutral buffered formalin. 
To demonstrate the type of amyloid fibril in cardiac amyloidosis by 
immunofluorescence (e.g., AL, AA, or transthyretin), one or two 
pieces should be received in saline or Zeus medium and then snap 
frozen in a plastic Beem capsule containing an embedding medium. 
The diagnosis of chronic anthracycline cardiotoxicity requires that all 
the biopsy pieces (minimum of 3a€“5 pieces) be submitted in fixative 
for transmission electron microscopy (e.g., 2.5% glutaraldehyde with 
2% paraformaldehyde in 0.1M sodium cacodylate buffer, pH 7.2). 


For routine diagnostic evaluation, overnight processing and paraffin 
embedding are sufficient. For emergent cases, a 90-minute rapid 
(a€ceultraa€* ) processing cycle is available, and microscopic slides 
can be prepared within three to four hours. All the biopsy pieces 
should be embedded in the same block. We recommend that a 
minimum of three slides are prepared, with each sectioned at 4 to 5 


Aum thickness from various depths within the paraffin block. Multiple 
fragments, or a€oeribbons,a€* are placed on each slide. 


We routinely stain with hematoxylin and eosin (H&E) and use stains 
such as Masson's trichrome to confirm the presence of myocyte 
damage or fibrosis, Congo red stain for amyloid fibrils, and the 
Prussian blue stain for iron deposition. Immunohistochemical, 
immunofluorescent, and molecular studies are utilized for specific 
indications. Paraffin section immunohistochemistry is used to 
evaluate for the presence of infectious myocarditis (e.g., 
cytomegalovirus (CMV) or toxoplasmic myocarditis), posttransplant 
lymphoproliferative disorders (PTLD) [B-cell clonality, Epstein-Barr 
virus (EBV) latent membrane proteins, anomalous coexpression of B- 
cell and T-cell antigens] or acute antibody mediated rejection 
(intravascular collections of CD68+ histiocytes and deposition of C4d 
on the microvasculature). In situ hybridization is helpful to 
demonstrate the presence of EBV or other viral genome or light chain 
restriction in PTLD. 


Biopsy Limitations and Tissue Artifacts 


Sampling error in the diagnosis of rejection, myocarditis, and 
infection remains a major consideration in the clinical management of 
patients and the evaluation of new noninvasive diagnostic modalities. 
In general, the false-negative rate is low, particularly when four or 
more pieces of tissue are submitted. The issue of how many 
lymphocytes are normally found in the myocardium has been 
addressed. In an endomyocardial biopsy study, the mean number of 
lymphocytes is fewer than 5.0 per high-power field (30). 


A variety of artifacts occur in endomyocardial biopsy specimens that 
may mimic pathologic lesions. The surgical pathologist must be 
aware of these patterns to avoid a 
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misdiagnosis that could lead to unnecessary therapeutic 
interventions. These have been reviewed in detail in a recent 


publication and only selected topics will be briefly reviewed (31). The 
most common biopsy artifact is the presence of contraction bands in 
myocytes (Figure 20.31A). They are identical to the linear bands 
observed in acute ischemic necrosis and catecholamine 
(a€oepressora€s ) effect. These changes are induced by the biopsy 
procedure itself and can be diminished by using fixatives stored at 
room temperature. In ischemic injury, the nuclei of surrounding 
myocytes are usually pyknotic (Figure 20.31B), while in artifactually 
induced contraction bands, the nuclei remain normal in appearance. 
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Figure 20.31 Artifacts of endomyocardial biopsy specimens: A. 
Contraction band artifact (H&E); note the normal appearance of 
myocyte nuclei. B. Contraction band necrosis with 


hyperchromatic pyknotic nuclei and eosinophilic cytoplasm. The 
changes are contrasted with the common contraction band 
artifact in A. C. Telescoping of intramyocardial is highlighted by a 
trichrome stain. D. Intramyocardial adipose tissue. The presence 
of fat does not imply epicardial localization or perforation. E. 
Mesothelial cells admixed with fibrin indicative of ventricular 
perforation. F. Thrombus without attached myocardial tissue. G. 
Bioptome-induced a€ceVictorian waistbanda€e artifact. H. Crush 
artifactual distortion of cells. 


Another frequent artifact is intussusception, or a€cetelescoping,a€« 
of small arteries that has been confused with luminal occlusion by 
thrombus and transplant-related arteriosclerosis. Connective tissue 
stains such as Masson's trichrome or elastic van Gieson highlight the 
internal elastic membranes of both vessel segments (Figure 20.310). 
Intramyocardial accumulations of mature adipose tissue can simulate 
epicardial tissue, especially if associated with vessels of relatively 
large caliber (Figure 20.31D). Both can be found in the right 
ventricular apical region, and adipose tissue is found not 
uncommonly in woman and elderly patients. This should not be 
confused with arrhythmogenic right ventricular 
cardiomyopathy/dysplasia; _clinical-pathologic correlation is essential 
for this purpose. 


Ventricular perforation is identified by the presence of mesothelial 
cells (Figure 20.31E). Accumulations of fresh platelet- and _ fibrin-rich 
thrombus may be identified along the endocardial surface of biopsy 
fragments (Figure 20.31F). These form as a result of the repetitive 
placement of the bioptome along the endocardial surface and do not 
indicate chronic mural thrombi. A number of patterns of bioptome- 
induced tissue distortion or crush artifact can be observed in biopsy 
samples. The a€oehour-glassd€* or a€ceVictorian waistbanda€s 
effect is caused by central constriction of the tissue by the bioptome 
mechanism (Figure 20.31G). A more problematic artifact is the 


smearing of cytoplasmic and nuclear components of cells that yields 
strands of basophilic material (Figure 20.31H). In this setting, it may 
not be possible to distinguish the cell types (lymphocytes, endothelial 
cells, histiocytes, myocytes), and we do not attempt to evaluate 
these foci for allograft rejection or myocarditis. In some cases, 
procurement of additional leveled H&E-stained sections can provide 
less distorted foci in the deeper aspects of the biopsy sample. In our 
experience, immunohistochemical stains have not been consistent or 
helpful. 


Summary 


Because of the structural-functional nature of cardiac disease, the 
surgical pathologist should have a working knowledge of both 
anatomy and histology. Moreover, the alterations produced by the 
endomyocardial biopsy and the bioptome require familiarity with the 
myriad of tissue artifacts. With a practical understanding of these 
points, the evaluation of specimens ranging from endomyocardial 
samples to explanted hearts will be enhanced and the diagnostic 
information to clinicians more precise. 
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Anatomy 


The mesothelium lines the pleural, pericardial, and peritoneal 
cavities. Mesothelial cells on the serous surfaces appear as a 
simple or cuboidal epithelium, although they are of mesodermal 
origin. They are supported by a fibrous submesothelial layer, 
which becomes continuous with the outer layer of invested viscera. 
The serous membranes show functional differentiation according to 
their derivation from visceral or parietal mesoderm. 


Because of space limitations, description of the gross anatomy of 
the mesothelium must be somewhat truncated, but some areas 
have functional differentiation that is reflected by their histologic 
features. The pleura is a continuous membrane that covers the 
chest wall and the lungs. The visceral pleura coats the entire 
pulmonary surface, including the major and minor fissures that 
divide the lung into lobes, whereas the parietal pleura extends 
over the ribs, sternum, and supporting structures and is reflected 
over the mediastinal structures on either side. Posteriorly in the 


mediastinum, the two layers of parietal pleura are separated by a 
thin band of fibrovascular connective tissue. Superiorly, the 
cervical pleura is reflected into the retroclavicular area over the 
apex of the lung and is coated by a thickened layer of fibrous 
tissue and skeletal muscle; inferiorly, the diaphragmatic pleura 
represents its caudal extent. Anteriorly, the pleura is reflected 
over part of the pericardium. The posterior visceral pleura 
becomes continuous with the diaphragmatic pleura over the 
pulmonary ligament. The heart and great vessels lie in the 
pericardium, which is lined by a continuous layer of mesothelium. 
The visceral (epicardial) side is connected to the myocardium, and 
the parietal (pericardial) layer rests on a dense fibrous tissue layer 
containing branches of the internal mammary and musculophrenic 
vessels, descending aorta, and branches of the vagus, phrenic, 
and sympathetic nerves. The thoracic surface of the pericardium is 
coated with parietal pleura. 


The peritoneum is a nearly continuous membrane lining the 
potential space between the intra-abdominal viscera and the 
abdominal wall. In the female, it is normally interrupted by the 
lumina of the fallopian tubes. Anatomically, it is more complex 
than either the pleura or pericardium. The parietal layer covers 
the abdominal wall, diaphragm, anterior surfaces of the 
retroperitoneal viscera, and the pelvis. The visceral peritoneum 
invests the intestines and other intra-abdominal viscera. The 
elongated structures in which the parietal and visceral layers come 
together are the mesentery, which contains blood vessels, 
lymphatics, lymph nodes, and nerves. 


The greater omentum is a double sheet with four layers of 
mesothelium between which there are numerous blood vessels and 
adipose tissue, which may be abundant; lymphatics and lymph 
nodes are less prominent than in the 
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mesentery. The peritoneal cavity is grossly divided into the 
greater sac over the intestines, the retrogastric lesser sac, right 


and left retrocolic areas, and the pelvis. Several outpouchings of 
peritoneum are often seen in pathology laboratories. Inguinal 
hernia sacs are pouches of parietal peritoneum, often invested 
with fibrous tissue and occasionally with skeletal muscle, which 
have been pushed through the abdominal musculature into the 
inguinal canal. Umbilical or ventral hernias are also outpouchings 
of peritoneum, but the specimens received by pathologists after 
surgery for their repair are usually preperitoneal fibroadipose 
tissue pushed ahead of the parietal peritoneum rather than 
mesothelium _ itself. 


The scrotum acquires a lining of parietal mesothelium, the 
processus vaginalis, into which the testes descend during the 
seventh month of gestation. A mesothelial layer forms the surface 
of the tunica vaginalis. Distention of this mesothelial sac on the 
tunica vaginalis results in a hydrocelea€”communicating with the 
peritoneal cavity when congenital but noncommunicating in 
acquired hydroceles. The sac of an inguinal hernia communicates 
with the peritoneal cavity and not with the mesothelium-lined 
space of the scrotum. Both hernia and hydrocele sacs are capable 
of a wide range of reactive changes. 


Functional Anatomy 


The functional anatomy of the pleura has been described by Sahn 
(1) and Pistolesi et al. (2). The pleura is a continuous membrane 
surrounding a space that normally contains approximately 10 mL 
of clear colorless fluid. The surface is lined by a single layer of 
mesothelial cells anchored to a basement membrane that lies on 
layers of collagen and elastic tissue containing vascular and 
lymphatic vessels. The lining mesothelial cells are 16 to 40 Aum in 
diameter, have rounded nuclei, usually containing a nucleolus, and 
a relatively large amount of cytoplasm. Although the visceral and 
parietal pleurae are opposing parts of the same continuous 
membrane, there are major functional differences between them. 


The human visceral pleura is thick relative to that seen in some 
other mammals (3) and is similar to that of horses, cattle, sheep, 
and pigs (4). It has an arterial blood supply from the bronchial 
arteries, with a venous return that passes first into the pulmonary 
veins and then into the left atrium except for certain hilar regions 
that are drained by bronchial veins into the right atrium. The 
lymphatics that pass through the visceral pleura are the superficial 
layer of pulmonary lymphatics with extensive connections to the 
peribronchial, perivascular, and interlobular lymphatic spaces and 
lymphoid tissue (5). Blood and lymphatic vessels are invested by 
collagen and elastic fibers, which are divided into two layers: an 
external elastic lamina supporting the mesothelial cells and an 
internal layer investing the vessels and becoming continuous with 
the pulmonary interstitium (Figures 21.1,21.2). Histologic 
identification of the layer of elastin has been considered clinically 
important in determining pleural invasion, which is significant for 
staging of primary lung cancer (6), but elastin may also be 
interrupted in nonneoplastic conditions that scar the pleura. In 
sheep, and probably in humans, the thickness of the external layer 
increases in both craniocaudal and ventrodorsal directions (7). The 
visceral pleura is innervated by branches of the vagus nerves and 
sympathetic nerve trunks. 


Figure 21.1 Visceral pleura. The mesothelial cells on the 
surface are thin, in profile, and not apparent. The dense 
submesothelial layer from the posterior surface of the left 
lower lobe is composed of collagen and elastin. It extends into 
adjacent pulmonary interstitium and around pulmonary 
vessels. 


The parietal pleura is anatomically, histologically, and functionally 
different. Although the single layer of mesothelial cells that lie on 
the surface of the parietal pleura are cytologically similar to those 
that form the continuous membrane over the visceral pleura, they 
are interrupted by stomata which range in size from 2 to 12 Aum 
in diameter (8,9,10,11,12). The stomata communicate directly 
with lymphatic lacunae that are surrounded by bundles of collagen 
and drain directly into intercostal lymphatics and then into the 
mediastinum, where they are particularly dense along the 


retrocardiac surface (13,14,15,16). Fluid and particulate matter 
extravasated from the lung are collected in these lymphatics and 
passed into the mediastinum, where the mesothelium covers 
collections of macrophages called Kampmeier foci (17,18). The 
arterial and venous blood supply to the parietal pleura is from the 
intercostal 
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vessels. The thickness of the fibroelastic layer investing the 
parietal pleural lymphatics is relatively constant and considerably 
less than that of most of the visceral pleura, suggesting that it 
serves aS a membrane across which fluid may diffuse. The parietal 
pleura is innervated by branches of the intercostal nerves, which 
are activated in pleurisy. The structures of the peritoneum are 
similar to those of the pleura (19,20). 


Figure 21.2 Visceral pleura. Capillaries are prominent. The 
lymphatics are dilated but deeply placed and entirely invested 
by the submesothelial layer. 


Functions of Serous Membranes 


The serous membranes serve as Selective barrier for fluid and 
cells. A small volume of fluid is required for capillary action to 
facilitate adherence of visceral and parietal pleurae as the lungs 
and chest wall expand and contract. Elements of the serous 
membranes regulate fluid interchange to keep this fluid at a 
mimimal level to prevent compromise of the lung volumes. Control 
appears to be at the capillary level because fluid is freely diffusible 
through mesothelium and submesothelial stroma. Another level of 
control results in the relatively low protein content (1.0 to 1.5 
g/dL) of pleural fluid. The point of protein regulation is unknown, 
although speculation is that it is at the level of mesothelial 
microvilli (21). In the thoracic cavity, the direction of flow appears 
to be via diffusion from capillaries of both visceral and parietal 
pleurae, with resorption primarily through parietal pleural 
capillaries. Turnover is estimated at 0.7 mL/hr (21) (Figure 21.3). 
Small molecules (less than 4 nm in diameter) diffuse through the 
intercellular spaces and junctions between mesothelial cells. Loss 
of control results in serous effusions such as those seen in 
congestive heart failure. 


Larger molecules, up to 50 nm in diameter, are transferred across 
the mesothelium by pinocytotic uptake and transcellular transport. 
Larger structures, such as cells in bloody effusions, are 
transported via the stomata and da€cecrevices.a€* Loss of control 
of these mechanisms results in accumulations of exudative pleural 
fluid. Mesothelial cells express the secretory component of IQA, 
which is otherwise limited to surfaces with direct environmental 
contact (22). The glycoprotein-rich pleural fluid acts as a lubricant 


to minimize friction between visceral and parietal pleurae. The site 
of synthesis and mechanisms of control of the carbohydrate-rich 


fractions of the pleural fluid are unknown. The submesothelial 
connective tissue distributes mechanical 


forces from the pleura uniformly throughout the lungs. Such a 
redistribution of forces is not required of the abdominal serosa. 
Both mesothelial cells and fibroblasts contribute to collagen 
synthesis. 
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Figure 21.3 Model of the dynamics of pleural fluid formation. 
A transudate from capillaries in visceral and parietal pleura is 
partly reabsorbed by those capillaries and the rest diffuses 
into the pleural space, where it is resorbed via stomata into 
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parietal pleural lymphatics. 
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Figure 21.4 In this peritoneal wash specimen, a sheet of 
normal mesothelial cells has been detached. 


Mesothelial Cells 


Morphology 


Normal mesothelial cells are rarely seen in histologic sections but 
may be evident in cytologic preparations of peritoneal washes 
taken during a laparotomy (Figure 21.4). When thus visualized, 
they have abundant clear cytoplasm with crisply defined cell 
borders, small and centrally placed nuclei with a homogeneous 
chromatin pattern, and usually without a nucleolus (Figure 21.5). 


Figure 21.5 At higher magnification, a sheet of relatively 
normal mesothelial cells with abundant, clear cytoplasm and 
crisply defined cell borders. The centrally placed nuclei are 
small and have a homogenous chromatin. 


Figure 21.6 This detached fragment of reactive mesothelium 
shows an intact mesothelial layer with cells in two phases of 
the reactive process shown in Figures 21.7 and 21.8. 


In a variety of reactive processes, the mesothelial cells undergo 
markedly proliferative and hyperplastic changes. A relatively 
abundant cytoplasm is maintained, but the cell borders are less 
Sharply defined. The nuclei are larger, both absolutely and 
relatively, the chromatin pattern is more hyperchromatic, and 
nucleoli are often present and prominent (Figures 
21.6,21.7,21.8,21.9). 


As the hyperplastic changes in the reactive mesothelial cells 
progress, cell groups become smaller, and individual cells 
predominate. When clustered, reactive mesothelial cells present an 
irregular outside border. The nucleus, and especially the nucleolus, 
may enlarge dramatically, but the nuclei are similar in size, shape, 
and pattern from cell to cell. Mitotic figures may be seen. The 
cytoplasm may become multivacuolated as the cells degenerate 
and imbibe fluid (Figures 
21.10,21.11,21.12,21.13,21.14,21.15,21.16,21.17,21.18). 


Figure 21.7 These reactive mesothelial cells from the left side 
of Figure 21.6 have abundant cytoplasm, and the nuclei are 
larger with a more vesicular chromatin pattern. Nucleoli are 
present but not prominent. 


Figure 21.8 The more reactive mesothelial cells from the right 
side of Figure 21.6 have larger nuclei, a more vesicular 
chromatin pattern, and more prominently featured nucleoli. 
Less cytoplasm is present. 


Figure 21.9 In this more reactive sheet of mesothelial cells, 
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the cytoplasm has grown smaller and the nuclei relatively 
larger. Irregularity of the chromatin pattern is more 
prominent. 


Figure 21.10 This individual reactive mesothelial cell has a 
restricted amount of cytoplasm and a relatively large nucleus 
with a nucleolus. The cell border is highly irregular and 
quezzy, suggesting the presence of the numerous elongated 
microvilli, which are evident on electron microscopy (see 
Figure 21.24). The cytoplasm is divided into an inner denser 
layer and an outer less dense layer. Ultrastructurally, the 
inner more dense layer corresponds to the presence of 
intermediate filaments with the characteristics of keratin (see 
Figure 21.25). 


Figure 21.11 Mesothelial reaction is frequently associated 
with inflammatory cells. These reactive mesothelial cells are 
joined in pairs. Each is several times the size of either 
neutrophils or lymphocytes. 


Figure 21.12 These reactive mesothelial cells are loosely 
joined together. The uppermost cell has a vacuole in the 
cytoplasm, which could be either a vesicle or an 
intracytoplasmic lumen. 


Figure 21.13 When reactive mesothelial cells are in groups, 
an irregular or a€oeknobbya€* outside border is formed. Acini 
form a smooth outer border. 
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Figure 21.14 Occasionally, very reactive mesothelial cells 
may show cellular interactions similar to that of a keratin 
pearl. 


Figure 21.15 Mitotic figures may be seen in the proliferating 
cells of reactive mesothelium. 


Figure 21.16 Markedly reactive mesothelial cells have large 
vesicular nuclei with a prominent nucleoli. 


Figure 21.17 Reactive mesothelial cells may degenerate and 
swell. These three cells have abundant multivacuolated 
cytoplasm and the large nuclei of the reactive mesothelial 
cells. 


Histochemistry 


Histochemical stains have provided information about mucoprotein 
content of the mesothelium. Negativity for the periodic acid-Schiff 
(PAS) reaction is evidence that mesothelial cells lack significant 
quantities of neutral mucoproteins. In contrast, positivity for 
histochemical stains that detect negative groups, such as the 
positively charged dye Alcian blue, is evidence of acid 
mucoproteins. That the intensity of staining reactions for acid 
mucosubstances is diminished by preincubating the tissue sections 
in hyaluronidase is evidence that at least some of the terminal 
hexose groups of the mucosubstances are either hyaluronic acid or 


chondroitin sulfate (Figure 21.19). Furthermore, the fact that 
histochemical mucin is decreased, but not abolished, by incubating 
cells in neuraminidase prior to histochemical 
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staining is evidence that some of the terminal carbohydrate groups 
are sialated (23). MacDougall et al. (24) have documented that 
neoplastic mesothelial cells may stain with mucicarmine. 


Figure 21.18 When markedly reactive mesothelial cells form 
irregular groups and combine with degenerating forms, they 
may mimic the appearance of a mucin-producing 
adenocarcinoma. 


Figure 21.19 Alcian blue stain of serosal membrane. Note 
staining of both mesothelium and of the matrix proteins, which 
contain abundant acid mucoproteins. 


The types of terminal carbohydrate groups of membrane proteins 
and lipids can also be characterized with lectins, which have 
specific and discrete ranges of sugar group affinities. Concanavalin 
A mesothelial cell reactivity indicates the presence of terminal 
groups that are either i/+-mannose or j{+-glucose. 


Immunohistochemistry 


Immunohistochemistry is the most commonly employed method for 
demonstrating mesothelial differentiation. Mesothelial cells 
preferentially express a group of so-called mesothelial markers 
(calretinin, cytokeratin 5/6, WT-1, HBME-1, thrombomodulin, and 
D2-40) relative to so-called epithelial markers (CEA, CD15, MOC- 
31, BER-EP4, B72.3, and TTF-1). However, overlap in the 
expression of any single marker has led to the use of a panel of 
antibodies to distinguish epithelium and, hence metastatic 


carcinoma, from reactive mesothelium. 


Calretinin, a calcium-binding protein of 29 kDa with similarity to S- 
100 protein, is found in both the nucleus and cytoplasm of reactive 
and neoplastic mesothelium but is also found in some 
adenocarcinomas (25,26,27,28) (Figure 21.20). Cytokeratin 5 is 
found in the cytoplasm of most mesothelial cells and squamous 
cell carcinomas, but few adenocarcinomas (29); WT-1, a product 
of the Wilms' tumor gene, is found in the nucleus of reactive and 
neoplastic mesothelium and in ovarian surface epithelium and 
tumors derived therefrom (30). Thrombomodulin, a 
transmembrane glycoprotein, gives a membranous stain in about 
half the mesotheliomas but also in some adenocarcinomas. 
Mesothelial cells also express mesothelin, epithelial membrane 
antigen (EMA), N-cadherin, E-cadherin, and vimentin (31). 
Recently, D2-40 (a marker of lymphatic epithelium) has been 
reported to identify mesothelial cells with a high sensitivity, but it 
also marks ovarian serous carcinoma (32). 


Figure 21.20 |Immunohistochemical staining of mesothelial 
cells for calretinin. Note the nuclear and cytoplasmic staining. 


Mesothelial cells usually lack the glycoproteins detected by 
antibodies to CEA, MOC-31 and BER-EP4 and the determinant 
detected by Leu-M1 (CD15) (33,34,35,36). Latza et al. (37) and 
Sheibani et al. (38) reported that BER-EP4 was used to distinguish 
malignant epithelium (adenocarcinoma) from malignant 
mesothelioma, but Gaffey et al. (39) and Otis (40) reported BER- 
EP4 immunoreactivity in high proportions of both benign and 
malignant mesothelial tumors, as well as adenocarcinomas. The 
tissue specific nuclear transcription protein TTF-1 is important in 
embryogenesis of thyroid and lung and is found in nuclei of 
pneumocytes and many adenocarcinomas of the lung but not in 
mesothelium (41). 


Overlap between reactive and neoplastic mesothelium in the 
expression of even a panel of antibodies leaves only the 
demonstration of invasion of parietes or organs to confirm the 
diagnosis of malignant mesothelioma in most cases. The diagnosis 
of mesothelioma-in-situ requires demonstration of invasive 
mesothelioma elsewhere in the same specimen or in a subsequent 
Specimen. 


Nonproliferating mesothelial cells express both vimentin and a 
variety of keratins (K7 of 55 kDa, K8 of 53 kDa, K18 of 44 kDa, 
and K19 of 40 kDa) that can be detected with monoclonal 
antibodies immunoreactive with the small, acidic, type | keratins 
(42) (Figures 21.21,21.22). 
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Mesothelium does not express cytokeratin 20, using monoclonal 
antibodies (43). These keratins are distinct from those of 
epithelia, including the epidermis, glandular epithelia, and 
transitional epithelium (44). Ovarian epithelial tumors express a 


spectrum of keratins similar to that of mesothelium (44). 


Figure 21.21 Keratin expression by mesothelium and 
detached mesothelial cells, demonstrated by a mixture of 
monoclonal antikeratin antibodies (AE1/AE3). Note that the 
immunohistochemical pattern of staining is similar to the 
distribution of intermediate filaments seen at the 
ultrastructural level. 


The plasticity of the immunophenotype of mesothelial cells is 
demonstrable in abnormal states. Although mesothelium normally 
lacks sex steroid receptors, reactive mesothelium adjacent to 
endometriosis expresses focal immunoreactivity for estrogen and 
progesterone receptors (45). Furthermore, reactive mesothelial 
cells can express the muscle cell cytoskeleton proteins desmin and 
muscle-specific actin (46). There is experimental evidence that the 
pattern of intermediate filament expression by mesothelial cells is 
dependent on shape and cell-cell interaction. Induction of a 
spindle morphology inhibits keratin synthesis. In contrast, 
induction of an epithelioid morphology (for example, with 


retinoids) stimulates keratin synthesis and inhibits vimentin 
synthesis; the ability of cells to respond in this manner also 
depends on the presence of cell-cell interactions (47). The pattern 
of intermediate filament expression by intact mesothelium has not 
been analyzed in such detail (Figures 21.20,21.21). 


Figure 21.22 Vimentin immunoreactivity of mesothelial cells 
and fibroblasts. 


Ultrastructure 


Numerous long microvilli (Figures 21.23,21.24), measuring up to 3 
Âum in length and 0.1 Âum in diameter, are present and are more 
numerous in caudal portions of the parietal pleura and in the 
visceral pleura. The other organelles found in mesothelial cells are 
not specific for them. Junctions of all types are foundâ€”tight 
junctions that serve as a barrier to certain molecules, gap 
junctions for cell-cell transport, and desmosomes for cell-cell 
adherence. Intermediate filaments are somewhat prominent; 


although they do not aggregate into bundles, they are often 
arranged in a perinuclear, circumferential distribution (Figures 
21525; 21226)- 


Submesothelial Layer 


Normally, the submesothelial layer contains few cells, and most of 
these are fibroblasts. Much of the submesothelial layer is 
composed of collagen, elastin, and other extracellular proteins. 
During reactive processes, the submesothelial layer may become 
much more prominent as cells proliferate there. 


Histochemistry 


The main constituents of the submesothelial tissue are 
glycosylated proteins, including glycosaminoglycans. Because the 
majority of carbohydrate groups are negatively charged (as a 
result of an abundance of hyaluronic acid and other acidic groups), 
this extracellular matrix stains in a manner characteristic of acidic 
mucoproteins; that is, it is Alcian bluea€“positive (Figure 21.19). 
That staining intensity can be diminished by treating the section 
with hyaluronidase before histochemical staining is evidence that 
hyaluronic acid groups are responsible, in large part, for the 
intensity of staining (21). 


Immunohistochemistry 


The antigens of the submesothelial layer can be categorized into 
matrix constituents and antigens of the mesenchymal cells. The 
extracellular matrix materials are those typical of most connective 
tissue. Types | and III collagen and fibronectin are abundant. 
Elastin fibers are plentiful and basement membrane proteins, 
including type IV collagen and laminin, are found at the 
mesothelial cell-stromal interface. 
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Figure 21.23 Mesothelial cells with their elongated microvilli, 
cover the surface of the serosa. The subjacent stroma is 
composed of collagen and fibroblasts. 


Figure 21.24 EM of a cluster of detached mesothelial cells 
within a pleural effusion. Cytoplasmic lipid droplets impart a 
vacuolated appearance to some cells. Note the long microvilli, 
which impart the da€cefuzzya€* appearance to these cells at 
the light microscopic level. 


Figure 21.25 Ultrastructure of a mesothelial cell. 
Intermediate filaments are arranged in a_ perinuclear 
distribution. 


Figure 21.26 High magnification of the luminal aspect of two 
mesothelial cells. Note the small tight junction, subjacent 
desmosome, and the cytoskeletal filaments within the 
microvilli. 
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Figure 21.27 Keratin (AE1/AE3) immunoreactivity of 
proliferating submesothelial spindle cells. 


Proteoglycans are plentiful. The pattern of intermediate filament 
expression by the submesothelial stromal cells varies with their 
state of a€oceexcitation.a€* Quiescent cells contain only vimentin, 
but stromal cells in regions of injury or inflammation also 
synthesize keratin detectable with antibodies to type | keratins 
(47) (Figure 21.27). 


Relationship of Mesothelial and 
Submesothelial Cells 


The submesothelial mesenchymal cell population serves as the 
anchoring substratum for the mesothelium. Both mesothelial and 
submesothelial cells contribute to the extracellular proteins that 
comprise the matrix. Up to 3% of the total protein synthesized by 
mesothelial cells are collagens and laminin. 


A controversial topic is whether submesothelial cells serve as a 
source of mesothelial cell renewal, either in normal development, 
which is the basis for regarding mesothelial cells as mesodermal in 
origin, or in conditions of rapid mesothelial cell turnover. Earlier 
ultrastructural and kinetics studies, using thymidine incorporation, 
suggested that the stromal cells contribute to the repopulation of 
denuded mesothelium (48,49). Consistent with this scheme is the 
observation that submesothelial cells, when stimulated to 
proliferate, synthesize keratin and assume a more epithelioid 
morphology. However, later studies have demonstrated that 
healing of injured serosa progresses by multiplication and 
migration of mesothelial cells at the edges of the wounded area 
(50). 


Figure 21.28 In a variety of reactive processes, the 


mesothelial cells lining serosal surfaces undergo markedly 
proliferative and hyperplastic changes. This is a section 
through the pleura of a patient with severe active rheumatoid 
arthritis. 


Reactive Mesothelium 


The capacity for mesothelial and submesothelial cellular elements 
of serous membranes to react and proliferate to produce 
morphologic patterns mimicking neoplasia is well known and 
frequently a source of diagnostic confusion (51,52). The process 
may be diffuse or localized (Figure 21.28). Mesothelial hyperplasia 
in herniorrhaphy specimens is well described (53) and may be 
nodular, demonstrate nuclear atypia and frequent mitotic figures, 
and be accompanied by spindle cell elements (Figures 
21.29,21.30). 
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Figure 21.29 This photomicrograph is from a hernia sac of an 
18-month-old boy. The reactive mesothelium is composed of 
proliferative epithelioid cells on the surface and subjacent 


spindle-shaped cells that give the impression of proliferating 
fibroblasts. 
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Figure 21.30 The reactive peritoneum in the hernia sac 
shown in Figure 21.29 (A). The immunohistochemical stain for 
keratin (AE1/AE3) (B) illustrates that both the surface lining 
mesothelial cells and the subjacent spindle-shaped cells are 
heavily decorated. 


Reactive mesothelial cells in mediastinal lymph nodes have been 
reported by Brooks et al. (54) and Parkash et al. (55), although 
the mechanisms by which they enter lymphatics and survive in the 
sinuses of nodes are not known. This rare event may produce a 
difficult differential diagnosis. Clear demonstration of the 
mesothelial nature of these cells is necessary to exclude 
metastatic carcinoma. If the cells are shown to be mesothelial by 
electron microscopy or immunohistochemistry, it should be noted 


that Sussman and Rosai (56) reported that mesothelioma may 
present as a lymph node metastasis. Therefore, follow-up may be 
required to make the distinction between reactive benign 
mesothelial cells and metastatic malignant ones (Figures 
21.31,21.32). 


Figure 21.31 Internal mammary lymph node with large 
epithelioid cells in the sinuses found during coronary artery 
bypass graft surgery in a 61-year-old man. No pleural lesion 
was present. 


An uncommon manifestation of mesothelial proliferation is the 
psammoma _ bodya€”a laminated calcific structure that most likely 
arises through concentric calcification following cell death. 
Psammoma bodies are usually nonspecific because they may be 
observed in inflammatory processes accompanied by mesothelial 
hyperplasia, malignant mesothelial neoplasia, or epithelial 
neoplasia (Figure 21.33). 


Figure 21.32 Immunohistochemical stain for keratin AE1/AE3 
demonstrates the epithelioid cells that were negative for CEA, 
Leu-M1, BER-EP4, and B72.3 and hence are considered 
reactive mesothelial cells. 


Figure 21.33 Psammoma bodies in the left pelvic peritoneum 
of a 58-year-old female. 


Endosalpingiosis and Endometriosis 


Epithelial elements may be observed in glandular arrangements 
throughout the peritoneum, omentum, and within lymph nodes. 
Such glandular structures were recognized in the early 1900s and 
misinterpreted by some as metastatic carcinoma, a mistake that is 
unfortunately still committed today. Endometriosis and 
endosalpingiosis were expounded upon by Sampson (57,58,59) 
earlier in this century, with reference to mechanisms of 
pathogenesis that are still debatable. 


Endosalpingiosis refers to glandular spaces lined by epithelium 
similar to uterine tube epithelium, with three cell types (ciliated, 
secretory, and intercalated cells) (60) (Figure 21.34). On occasion, 
psammoma bodies are present. Periglandular stroma containing 
chronic inflammatory cells is separated from epithelium by PAS- 
positive basement membrane. Endosalpingiosis may be 
differentiated from endometriosis by the lack of endometrial 
stroma or evidence of stromal hemorrhage associated with 
endometriosis (57,60,61,62,63). This condition is seen exclusively 
in women and has been reported in 12.5% of omenta removed at 
surgery in females. A large proportion of these women have 
coexisting benign disease of the uterine tube (60). The origin of 
the glandular inclusions is debated but is most likely either related 
to the influence of mA‘llerian development on the peritoneal 
mesothelium (coelomic lining) or is a sequela of disease within the 
uterine tube resulting in extratubal growth of displaced tubal 
epithelium (60,62). Although definitive evidence of neoplasia 
arising in endosalpingiosis has not been documented (64), 
considerable difficulty may be encountered when differentiating 
extraovarian tumor implants removed in the setting of common 
epithelial ovarian tumors from endosalpingiosis with cellular 
atypia. Evaluation of the severity of epithelial atypia, mitotic 
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activity, the presence of ciliated cells, and the presence of 
invasive characteristics may aid in establishing malignancy in this 
setting (60). Metaplasia in endosalpingiosis may also be a source 
of diagnostic difficultya€”particularly mucinous metaplasia, which 
may be mistaken for metastatic mucinous adenocarcinoma 
(Figures 21.35,21.36). 


Figure 21.34 Endosalpingiosis involving the serosa of the 
uterus of a 56-year-old woman. Serous, intercalated, and 


occasional ciliated cells are present, but endometrial stroma is 
not. 


Figure 21.35 Endosalpingiosis involving the omentum 
contains cystic glands lined by mucinous epithelium with 
basally oriented nuclei and apical cytoplasm. Periglandular 
stroma contains mononuclear inflammatory cells. 


Endometriosis may be defined by the presence of glands lined by 
endometrial-type epithelium surrounded by endometrial stroma, 
outside the uterine endometrial mucosa 
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and myometrium (64). The condition occurs most frequently in 
women of childbearing age. It may occur in a variety of body sites, 
ranging from the pelvic peritoneum to distant organs such as lung, 
kidney, and skin, but the most frequent site is the peritoneal lining 
of the pelvic organs (Figure 21.37). Although the histogenesis of 
endometriosis remains unclear, two general theories have been 
proposed. The ectopic growth of endometrial elements may result 
from displacement of endometrial tissue, whether through local 
means (such as entry of endometrium into the pelvis through the 
uterine tubes) or via vascular routes to distant organs (57,58). 


Another possibility includes metaplastic change of the pelvic 
peritoneum along mAMllerian lines of differentiation (65,66). Each 
mechanism may play a role in the histogenesis of endometriosis. 


Figure 21.36 Mucicarmine stain of mucinous change in 
endosalpingiosis demonstrates intracytoplasmic mucin in apical 
cytoplasm. 


Endometriosis may appear as brown-maroon foci on the peritoneal 
surfaces and be accompanied by fibrosis or adhesions. 
Microscopically, endometrial stroma surrounding endometrial 
epithelium is present (67). Response to hormonal influences is 
often seen and may be synchronous with intrauterine 
endometrium. Metaplasia occurs in both epithelial and stromal 
elements, similar to metaplasias encountered in the endometrium 
of the uterus. The presence of hemosiderin-laden macrophages 
and fibrosis may be the only evidence that endometriosis had once 
been present. However, a definitive diagnosis of endometriosis 
may not be rendered unless both endometrial glands and stroma 
are seen. 


Another common type of metaplasia, more frequently observed in 
pregnant than in nonpregnant women, is decidual change. 


Although usually encountered in the submesothelial layer of pelvic 
peritoneal surfaces, decidual change may be seen in distant sites 
including the serosal surfaces of the liver, spleen, diaphragm, and 
within lymph nodes. In these locations, decidual change may be 
mistaken for metastatic carcinoma or malignant mesothelioma 
(Figure 21.38) (66). 


Figure 21.37 Endometriosis involving the peritoneum with 
extension into the soft tissue of the anterior abdominal wall of 
a 23-year-old woman. Endometrial glands and stroma are 
present. 
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Figure 21.38 Decidual change in the pelvis during pregnancy 
is seen in subserosal tissue. Loosely cohesive cells with 
abundant eosinophilic cytoplasm are present. 


Fibrous Pleurisy 


Fibrous pleurisy is a benign reactive process that usually occurs in 
the setting of organizing pleural effusions. The differential 
diagnosis of fibrous pleurisy and desmoplastic mesothelioma may 
be extremely difficult: both may have regions of increased 
cellularity in a predominantly fibrous background containing 
spindle cells that are immunoreactive to keratin antibodies. 
Fibrous pleurisy tends to have a higher cellularity immediately 
beneath the fibrinous exudative surface of the pleura and 
demonstrates a a€celayeringa€* of spindle cells parallel to the 
fibrosis with intervening fibrinous exudate. This organization 
imparts a histologic sense of order to the reactive process that 
may assist in its recognition. Invasion, bland necrosis, and 
Sarcomatous foci are not seen in fibrous pleurisy (67,68) (Figure 


Figure 21.39 The histologic appearance of fibrous pleurisy 
reflects its inflammatory nature, with granulation tissue, fibrin, 
and a zonal pattern ranging from active inflammation to 
quiescent dense fibrosis. 
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Figure 21.40 Multilocular peritoneal inclusion cyst in the 
omentum of a 73-year-old patient discovered incidentally at 
surgery for urogynecologic repair procedure. The cysts vary in 
size, some being translucent while others are fibrotic, 
particularly toward the center of the mass. 


Multilocular Peritoneal Inclusions Cyst 


Multilocular peritoneal inclusions cyst (MPIC) is a mesothelial-lined 
multilocular lesion that occurs almost exclusively in women. The 
lesion usually involves the pelvis, although it may occur in other 
abdominal locations, including the omentum and mesentery. 
Usually MPIC is mass forming and may attain diameters up to 20 
cm. Grossly, it is composed of multiple cysts, some of which may 
be thinwalled and translucent (Figure 21.40). Histologically, the 
septa range from thin and delicate to thickened and inflamed. The 
mesothelial lining ranges from single flattened cells to hobnail- 
type cells. Squamous metaplasia of the lining mesothelium may be 
present. Some regions may resemble the cellular pattern of an 
adenomatoid tumor (Figures 21.41,21.42) (69). 


Figure 21.41 Histologically, multilocular peritoneal inclusions 
cysts (MPIC) reflect the gross features, with septae that vary 
in thickness and cysts that vary in size. 


Figure 21.42 Some regions in multilocular peritoneal 
inclusions cysts may contain mesothelial proliferations that 
closely resemble an adenomatoid tumor. 


The true nature of MPIC remains somewhat controversial, with 
some authors maintaining that it is a neoplasm while others assert 
it is a reactive lesion that develops in response to injury or even 
endometriosis. The original designation of multicystic 
mesothelioma reflects the notion that the lesion is neoplastic. 
Recurrences are frequent, although MPI!C-related deaths probably 
do not occur (70). 
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Esophagus 


Franco G. DeNardi 
Robert H. Riddell 


Embryology 


In the early stages of development, the notochord induces the 
formation of the foregut from endoderm (1). At about 21 days' 
gestation, septa arise from the lateral walls of the foregut, fuse, and 
divide the foregut into the esophagus and trachea. This process of 
septation begins at the carina and extends cephalad, being 
completed by five to six weeks' gestation (Figure 22.1). 


The esophagus is initially lined by a thin layer of stratified columnar 
epithelium, which proliferates to almost occlude the lumen (2). At six 
to seven weeks, the lumen is reformed as a result of epithelial 
vacuolization (2) (Figure 22.2). As early as eight weeks' gestation 
and beginning in the middle one-third of the esophagus, ciliated cells 
appear and extend cephalad and caudally to almost cover the entire 
stratified columnar epithelium (2,3,4). At approximately 10 weeks a 
single layer of columnar cells populates the proximal and distal ends 
of the esophagus (2). At approximately four months' gestation, the 
esophageal cardiac-type glands form as a result of the downward 
growth of these columnar cells into the lamina propria, with 
subsequent proliferation and differentiation (3,5). They go distally as 
far as the oxyntic mucosa, so that similar glands can be found in the 


cardia. Some have used this to argue that the cardia is therefore 
intrinsically part of the esophagus (6), although it could just as easily 
be interpreted that they are just present in all mucosae proximl to 
oxyntic mucosa. 


At approximately five months' gestation, stratified squamous 
epithelium initially appears in the middle one-third of the esophagus 
and extends cephalad and caudally, replacing the ciliated epithelium 
(3,4). The upper esophagus is the last area to be replaced by 
Squamous epithelium; and, if this process of squamous replacement 
is not completed at birth, there may be persistence of ciliated cells in 
the upper esophagus (2,4) (Figure 22.3). These residual cells are 
usually short lived, being replaced by squamous epithelium within 
two to three days postpartum (4,7). However, in some patients they 
either persist into adult life or there is metaplasia back to ciliated 
cells (8). The single layer of 
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columnar cells is also replaced by squamous epithelium, although 
some cells may persist at birth, usually located over the esophageal 
cardiac glands. The submucosal glands develop after the appearance 
of the squamous epithelium and are likely derived from this 
Squamous epithelial layer (4,7). 


Figure 22.1 Fetal esophagus (late first trimester). Transverse 
section overview of the esophagus demonstrating inner mucosal 
layer, middle submucosal layer, and thin outer muscle layer. 
Note the vagus nerves lying over the esophagus. 


Development of the gastrointestinal neuromuscular system begins at 
four weeks with neural crest cells entering the foregut and migrating 
rostrocaudally. The myenteric plexus develops first, followed by 
formation of the submucosal plexus two to three weeks later. At 
about six weeks' gestation, the circular muscle layer develops, 
followed by the development of the longitudinal layer at 
approximately nine weeks' gestation. Initially, the muscularis propria 
consists entirely of smooth muscle, after which striated muscle 
gradually develops in the upper esophagus so that by five months the 
normal ratio and arrangement of both muscle types are established 
(4). Interstitial cells of Cajal appear at week nine and become closely 


associated with the myenteric plexus (9). By week 14 the fetal gut 
has a mature appearance (9). 


Figure 22.2 Fetal esophagus (late first trimester). The epithelial 
layer is composed of stratified columnar epithelium. Note the 
lack of muscularis mucosae. 


Figure 22.3 Fetal esophagus (third trimester). The epithelial 
layer at this stage consists of stratified squamous epithelium with 
occasional ciliated cells on the surface. Note the individual 
smooth muscle cells of developing muscularis mucosae. 


Developmental defects of the esophagus can be attributed to errors 
in this morphogenetic sequence. The notochord can induce the 
formation of the neural tube, gastrointestinal tract, and other organ 
systems. It has been shown experimentally that a split notochord can 
result in the duplication of any region of the gastrointestinal tract 
(1), which may include duplications of the esophagus ranging from 
the more common cysts to esophagus segments of variable length 
(1,10,11). As a consequence of this ability to induce development of 
more than one organ system, any patient presenting with 
duplications, segmental or cystic, should undergo radiologic 
evaluation that specifically explores for axial skeletal defects. 


Occurence of abnormalities during the phase of foregut septation is 
one proposed mechanism for the formation of tracheoesophageal 
fistulas (with or without atresia) or of mediastinal cysts of 
bronchogenic or esophageal origin (12,13). It has been suggested 
that esophageal duplications also may occur as a result of segments 
of fused vacuoles formed during the vacuolization phase persisting 
and differentiating toward esophageal structures (1). 


Topography and Relations 


The esophagus begins in the neck at the cricoid cartilage, passes 
through the thorax within the posterior mediastinum, and extends for 
several centimeters past the diaphragm to its junction with the 
stomach. The overall length varies with trunk length, but in the adult 
the average length is approximately 23 to 25 cm. In practice, 
endoscopic distances are measured from the incisor teeth; and, in 
the average male, the junction of the esophagus and stomach is 
generally considered to be approximately 40 cm from the incisors. 
This length may vary from approximately 38 to 43 cm. Although 
convenient and commonly used in practice, the use of this distance is 
a crude and unreliable measurement for locating the 
gastroesophageal junction. It 
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has been found that the esophageal length correlates with height in 
children (14). 


15cm 
Cervical Segment (3cm) 


18cm 
Upper Thoracic Segment (6cm) 


24cm 
Mid Thoracic Segment (8cm) 


.—sSéS21c. 
Lower Thoracic Segment (8cm) 


40cm 


Figure 22.4 Esophageal segments with approximate lengths and 
distances from the incisors. 


For the purpose of classification, staging, and reporting of 

esophageal malignancy, the International Union Against Cancer 
Suggests division into four segments, with distances measured from 
the incisors (15) (Figure 22.4). The cervical esophagus extends from 
the cricoid cartilage (roughly 15 cm) to the level of the thoracic inlet 
(approximately 18 cm). The upper thoracic segment extends from the 
thoracic inlet to the tracheal bifurcation (around 24 cm). The 
midthoracic segment extends to the level of the eighth thoracic 
vertebra (approximately 32 cm), and the lower thoracic segment 
extends to the junction with the stomach (40 cm). 


Cricoid Origin 


k L. Main 
, px Bronchus 
CPG \ 


L. Atrium 


Hiatus 


Figure 22.5 Relationship of the esophagus with normal 
esophageal constrictions. Barium swallow of the normal 
esophagus (right) demonstrates narrowing of the lumen at the 
sites of constriction. 


Along its course, the normal esophagus has several points of 
constriction (Figure 22.5). These occur at the cricoid origin of the 
esophagus, along the left side of the esophagus at the aortic arch, at 
the crossing of the left main bronchus and left atrium, and where the 
esophagus passes through the diaphragm. These constrictions may 
become clinically significant if food or pills become lodged at these 
sites of luminal narrowing, with the possibility of contact mucosal 
injury. The most common sites for lodgement are at the level of the 
aortic arch and left atrium, where, especially in patients with left 
atrial enlargement, compression may become significant (16,17,18). 


Knowledge of the relationships of the esophagus with other anatomic 
structures is important because these relationships may be directly 


affected by esophageal diseases such as carcinoma or diverticula. 
Disease of adjacent structures may cause local compression of the 
esophagus, resulting in dysphagia or lodgement of food or pills. The 
cervical esophagus is posterior to the trachea and bounded on both 
sides by the recurrent laryngeal nerve and the carotid sheath and its 
structures. The thyroid gland overlaps the esophagus in its cervical 
segment. In the thoracic segment, 
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the esophagus continues posterior to the trachea to the level of 
bifurcation, a site for the formation of the rare midesophageal 
diverticula secondary to traction from inflamed mediastinal lymph 
nodes (19). The esophagus courses posterior to the left atrium. The 
azygous veins ascend on either side of the thoracic segment. 


Initially, the right and left vagus nerves run lateral to the esophagus, 
giving branches that form plexi on the posterior and anterior 
esophageal surfaces. At variable sites in the lower thoracic segment, 
the left and right nerves course onto the anterior and posterior 
surfaces of the esophagus, respectively, divide to form the anterior 
and posterior plexuses, and then reunite to form the anterior and 
posterior vagal trunks that course down to the stomach. An 
awareness that variations of this pattern exist is most important for 
the surgeon performing vagotomies. In the abdomen, the liver forms 
an impression on the anterior aspect of the esophagus. On the right 
side the junction with the stomach is smooth, whereas on the left the 
junction forms a sharp angle known as the incisura or angle of His. 


The esophagus enters the abdomen by passing through the 
esophageal hiatus, which is formed by muscles of the diaphragm and 
contains the phrenoesophageal ligament. In most cases, the muscle 
sling encircling the esophagus is formed entirely from the right 
diaphragmatic crus (20), although variations of this pattern do occur. 
The phrenoesophageal ligament arises from the fascia of the 
abdominal diaphragm and divides into an ascending and descending 
leaf. The former passes up through the hiatus to insert approximately 
2 to 3 cm above the hiatus, whereas the descending leaf has a 


variable insertion at or below the gastroesophageal junction or even 
into the gastric fundus (21). Proposed functions of the 
phrenoesophageal ligament include (a) assisting in maintaining the 
pressure differential between the thorax and abdomen, (b) providing 
fixation mechanisms with maintenance of the gastroesophageal 
junction within the abdomen during episodes of increased intra- 
abdominal pressure, and (c) contributing to the competence of the 
lower esophageal sphincter (LES), thus representing a_ possible 
mechanism for the absence of reflux in some patients with hiatal 
hernias (21,22,23). 


Macroscopic/ Endoscopic Features 


In the empty state, the esophagus has an irregular outline as a 
result of the mucosa and submucosa being thrown into longitudinal 
folds. During endoscopy, insufflation causes distension so that these 
folds may not be appreciated, and the mucosa is seen to be a 
uniform — white-pink. 


Glycogenic Acanthosis 


Glycogenic acanthosis can be seen in up to 25% of the population 
with the combined use of endoscopy and barium studies (24,25,26). 
Macroscopically, glycogenic acanthosis interrupts the uniformity of 
the mucosa and presents as white nodules or small plaques on the 
mucosal folds, primarily in the distal one-third of the esophagus. 
These lesions vary in size, may be up to 1 cm in diameter, and, if 
extensive, may coalesce to larger plaques. Microscopically, 
glycogenic acanthosis consists of hyperplasia of the cells of the 
prickle layer containing abundant glycogen. Glycogenic acanthosis 
may resemble, and thus may be confused macroscopically with, 
monilial plaques or leukoplakia. Glycogenic acanthosis should be 
considered a variant of normal with as yet no defined relationship to 
infection or malignancy. 


Heterotopias 


Heterotopias are defined as normal tissue occurring in sites not 
expected for that tissue. In the literature, structures accepted as 
esophageal heterotopias are inconsistently defined. Esophageal 
cardiac-type glands and ciliated epithelium have been considered as 
heterotopias (7,8,27,28) or as embryologic remnants (4) by some 
investigators. The categorization of melanocytes and _ argyrophilic 
cells, including Merkel cells and endocrine cells, presents a similar 
problem because these cells have not been regularly found in the 
esophagus (29,30). Melanosis has also been described (31,32,33). 


Gastric bodya€“type mucosa has been described occurring in the 
upper one-third of the esophagus, usually within 3.0 cm of the upper 
esophageal sphincter (4,7,27), hence the designation â€œinlet 
patcha€* (Figure 22.6). These heterotopias have been found in 
approximately 2 to 4% of esophagi and can be found at all ages. 
Macroscopically, they have a deep pink, velvety appearance, and the 
junction with squamous epithelium is similar in appearance to the 
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mucosal gastroesophageal junction (27). Associated small peptic 
erosions or ulcers occasionally are identified nearby. 
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Figure 22.6 Proximal 
situated slightly distal 


esophagus. Gastric body heterotopia 
from the esophageal origin. 


Figure 22.7 Proximal esophagus. Gastric body heterotopia 
composed of cardiac-type mucosa with scattered chief cells and a 
mild chronic inflammatory cell infiltrate. 


Microscopically, the heterotopic mucosa contains a variable number 
of parietal and chief cells with a variable chronic inflammatory cell 
infiltrate usually related to Helicobacter infection (27) (Figure 22.7). 
Acid production and symptoms have been attributed to heterotopias 
of larger size. These heterotopias along with the esophageal cardiac- 
type glands have been implicated as possible origins for the rare 
occurrence of adenocarcinoma of the upper esophagus (34,35). 
Theories for the origin of these heterotopias include a metaplastic 
change in preexisting cardiac-type glands, cell arrest where cells 
destined to become body mucosa remain in the esophagus rather 
than descend to the site of the future stomach, or otherwise 
unexplained heterotopia (4,27). 


Sebaceous glands are occasionally found in the esophagus (Figure 
22.8) and have been accepted as heterotopias without controversy 
(36,37). Thyroid tissue also has been described as heterotopic tissue 
in the esophagus (38). Pancreatic metaplasia is probably the most 
common form of metaplasia in the cardia, usually close to the Z line, 
although it also may be found in Barrett's esophagus and in an inlet 
patch (39,40,41) (Figure 22.9). While it has no known significance, if 
it secretes activated pancreatic juice, then it may well potentiate 
Barrett's esophagus, as it is a normal consituent of duodenal juice, 
the regurgitation of which into the esophagus is involved in its 
pathogenesis. Indeed, it is also possible that an alkaline pH or bile in 
the esophagus stimulates its formation. Endocrine tissue can be 
observed (personal observation) but is vanishingly rare. 


Figure 22.8 Sebaceous glands that in this case formed a nodule 
that was examined via biopsy. 
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Figure 22.9 Pancreatic metaplasia in a biopsy from the cardiac 
side of the Z line. A. and B. Glands are an admixture of mucus 
glands and eosinophilic granular cells superficially resembling a 
cross between gastric chief cells and Paneth's cells. C. 
Immunocytochemical reactivity is found to pancreatic exocrine 
hormones, amylase in this case. 
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Esophageal Musculature 


The muscular coat of the esophagus consists of an outer longitudinal 
and inner circular layer. The esophageal entrance is bounded 
superiorly by the cricopharyngeal and inferior pharyngeal constrictor 
muscles, both of which contribute muscle fibers to the esophageal 
musculature (22,23). Horizontal fibers from both these muscles form 
the upper esophageal sphincter, which manometrically is a localized 
zone of increased pressure measuring 2 to 4.5 cm in length 


(20,42,43). Together these muscle groups act in tandem to control 
the act of swallowing. 


The longitudinal layer originates as two bands from its origin at the 
cricoid cartilage. The muscles sweep dorsally where they 
incompletely interdigitate, leaving a bare V-shaped area (area of 
Laimer) exposing the underlying circular layer. This area represents 
an area of potential weakness where a posterior pulsion diverticulum 
(Zenker's) may form. Theories regarding Zenker's diverticulum 
center upon a structural or physiologic abnormality of the 
cricopharyngeus muscle (44). The circular layer of the esophagus is 
Slightly thinner than the longitudinal layer, a pattern that is reversed 
from the remainder of the gastrointestinal tract (22,23). 


At the gastroesophageal junction, the esophageal longitudinal layer 
is continuous with the outer longitudinal layer of the stomach. The 
circular layer continues over the stomach, dividing in the region of 
the cardia to form the middle circular and inner oblique muscle layers 
of the stomach. The fibers of the inner oblique layer pass in a 
Slinglike manner at the incisura and cross at right angles with the 
more horizontally oriented fibers of the middle layer, forming a 
muscular ring (collare Helvetti) to which a possible sphincter function 
has been ascribed (22,23). 


Lower Esophageal Sphincter 


The LES is best defined manometrically, where it presents as a 2- to 
4-cm zone of pressure that is higher than intragastric or 
intraesophageal pressure. The distalmost end of the LES defines the 
muscular component of the gastroesophageal junction (42). At rest, 
the sphincter maintains an average pressure of 20 mm Hg (range: 
10a€“26) (20). The function of the LES is to keep the lumen closed 
during rest, thus preventing reflux, and to relax during swallowing, 
thereby allowing food to pass through. Physiologically, a competent 
sphincter exists, and various changes in the musculature of the distal 
esophagus, thought to represent such a sphincter, have been 
described (43,45,46,47). 


Gastroesophageal Junction 


The gastroesophageal junction can be defined physiologically, 
anatomically, microscopically, or endoscopically and can be 
considered as being either muscular or mucosal in nature. The 
muscular gastroesophageal junction is most accurately defined 
physiologically by manometric studies in which the distalmost 
segment of the LES defines the junction (42). Unfortunately, in 
disease states such as severe gastroesophageal reflux disease 
(GERD) or Barrett's esophagus, the pressure may be so low as to not 
allow for localization by these means. 


Anatomic landmarks that can be used to define the gastroesophageal 
junction include the peritoneal reflection from the stomach onto the 
diaphragm or the incisura (angle of His) (22,23); however, their use 
is limited to the resected surgical specimen. 
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Endoscopically, there are several landmarks that can be used, the 
most common of which is the mucosal squamocolumnar junction, or Z 
line. Sometimes this is accompanied by a ring (Shatzki's ring) that 
has squamous mucosa above and glandular mucosa distally (48,49), 
which is sometimes associated with dysphagia. The mucosal 
squamocolumnar junction is seen macroscopically and endoscopically 
as a serrated line of contrast known as the Z line or ora serrata 
(Figure 22.10). The Z line consists of small projections of red gastric 
epithelium, up to 5 mm long and 3 mm wide, extending upward into 
the squamous epithelium. Although extension of this gastric mucosa 
may be circumferentially symmetric, it often is asymmetric. The 
mucosal gastroesophageal junction may be straight rather than 
serrated, this occurring most often in the presence of a lower 
mucosal (Schatzki's) ring. 


The mucosal gastroesophageal junction does not correspond to the 
muscular gastroesophageal junction as defined above; and, 
particularly if the mucosa is red and inflamed, it may not correspond 


to the supposed endoscopic junction either. The mucosal junction 
normally lies within the LES and is therefore found usually within 2 
cm of the muscular junction as defined by the proximal edge of the 
gastric folds (50); thus, the distal 2 cm of the esophagus may be 
lined by columnar cells of the gastric cardia (it was this fact that led 
to Barrett's esophagus originally being defined as 3 cm or more of 
glandular mucosa within the tubular esophagus, as it ensured at least 
1 cm of what should be Barrett's mucosa). Irregularities and 

proximal extensions of the Z line may extend 3 cm into the 
esophagus and thus endoscopically resemble early Barrett's 
esophagus. Indeed it is quite possible that some of these are tongues 
of Barrett's esophagus in which sampling fails to reveal goblet cells, 
or they may be absent. In one study, 23% of these patients had 
goblet cells in these tongues if rebiopsied (51). 


The upper margin of the diaphragmatic indentation has been used as 
a guide to define the gastroesophageal junction; however, in the 
presence of a hiatal hernia, this demonstrates variable movement 
(22,23). 


Figure 22.10 Gastroesophageal region. Formalin-fixed specimen 
demonstrates the variation of the normal squamocolumnar 
junction (Z line). 


The proximal margin of the gastric folds has been shown to closely 
approximate the muscular gastroesophageal junction and thus may 
provide a fixed and reproducible anatomic landmark for the muscular 
gastroesophageal junction (50). 


In the lower esophagus, the submucosal vessels of the distal 
esophagus are connected to the gastric submucosal vessels at the 
first gastric folds by a series of vessels referred to as longitudinal 
(vertical) vessels. These vessels, present in the lamina propria, are 
about 2 to 4 cm in length and can be often seen through the 
Squamous or columnar mucosa (52,53). Their lower visible limit is 
also supposed to mark the original site of the gastroesophageal 
junction so that a€oeshiftsa€* in this caudally should be apparent. 
However, in some patients these are quite difficult to visualize, while 
in others they clearly extend into the gastric rugae. They may 
therefore be a less sensitive or specific marker of Barrett's 
esophagus than originally thought, so great care should be taken in 
making an endoscopic diagnosis of Barrett's esophagus without the 
usual biopsy confirmation. Even in the studies cited, the endoscopic 
diagnosis was not confirmed histologically so that the sensitivity and 
other characteristics of this technique are still unclear. 


The longheld view that the distal 2 to 3 cm of the esophagus is 
normally lined by cardiac-type mucosa has been challenged. In both 
autopsy and endoscopic based studies (27,40,54,55,56) that included 
pediatric aged patients, columnar/cardiac mucosa was either not 
identified in up to 65% of cases, present as a short segment of less 
than 1.0 cm., combined with oxyntic (oxyntocardiac) mucosa, or 
demonstrated considerable circumferential variation within 
individuals. The authors suggest either that (a) cardiac mucosa of 
the gastroesophageal junction is not normal (but rather acquired) 
and that only squamous (esophagus) and oxyntic (stomach) mucosa 
are normal for this region or (b) it is a physiologic response to 
gastroesophageal reflux; but, either way it develops in response to a 
stimulus that includes some degree of acid reflux. To some extent it 


becomes a matter of semantics as to whether one regards 
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reflux as pathologic or physiologic. One could also argue that the 
normal physiologic position of the anal sphincter is to be closed, but 
it would cause all sorts of problems if it remained that way 
permanently! Conversely, it is difficult to see what useful function 
permitting gastroesophageal reflux serves except that other 
sphincters (e.g., pylorus) also reflux with some degree of frequency, 
which may have a physiologic benefit in aiding digestion as well as 
predisposing to Barrett's esophagus. Furthermore, studies have 
demonstrated that the length of cardiac or oxyntocardiac mucosa was 
shown to correlate with the severity of acid reflux suggesting that 
this metaplastic epithelium results from acid reflux (reflux carditis) 
(56,57). 


Lower Esophageal Rings 


Two (possibly three) thin, annular structures known as the lower 
muscular ring (type A) and lower mucosal ring (Schatzki's, type B) 
(Figure 22.11) may be identified in at least 10% and 5% of normal 
esophagi, respectively (48,49,58). A third ring (type C) rarely exists 
distal to either of these. 


The lower muscular ring is the most proximal and is situated slightly 
more proximal than the Schatzki's ring, often by a centimeter or two. 
Some have equated the lower muscular ring with the lower 
esophageal sphincter (43,58). Microscopically, this ring is composed 
of a thickened circular smooth muscle with overlying squamous 
mucosa. 


The lower mucosal ring (Schatzki's ring) is thought to mark the 
mucosal gastroesophageal junction. Histologically, the upper surface 
of the lower mucosal ring is lined by stratified squamous epithelium, 
whereas the undersurface is lined by columnar-type epithelium with 
the junction of both usually, but not invariably, being found at the 
apex of the ring. The core of the ring consists of connective tissue 


plus fibers of the muscularis mucosae without contribution from the 
muscularis propria. These rings are usually asymptomatic but may be 
associated with intermittent dysphagia, sometimes becoming 
progressive or associated with attacks of sudden dysphagia (20). A 
â€œC ringa€* is rare, the most distal, and is said to consist of the 
diaphragmatic pinch, in which case it can be enhanced by sniffing. 


Figure 22.11 Lower esophageal mucosal ring (Schatzki's ring). 
The mucosal ring is outlined by the column of barium. 


Histology 


The four layers that characterize the gastrointestinal tracta€”mucosa, 
submucosa, muscularis propria, and serosaa€”form the wall of the 
esophagus. 


Mucosa 


The mucosa consists of a nonkeratinizing, stratified Squamous 
epithelium, lamina propria, and muscularis mucosae (Figure 22.12). 


Epithelium 


The squamous epithelium can be divided into the basal, prickle, and 
functional cell layers. In addition, argyrophilic positive endocrine 
cells, melanocytes, Merkel cells, intraepithelial antigen-presenting 
cells and intraepithelial lymphocytes that are virtually impossible to 
distinguish in routine sections (and therefore perhaps best called 
collectively intraepithelial mononuclear cells) can be found in the 
epithelium of the normal esophagus. The basal layer occupies 
approximately 10 to 15% of the epithelium, being one to three cells 
thick; however, in the distal 3 cm, approximately 60% of normal 
individuals (without objective or subjective evidence of 
gastroesophageal reflux) may show basal cell hyperplasia of greater 
than 15% (59,60). The upper extent of the basal zone has been 
arbitrarily defined as the level where the nuclei are separated by a 
distance equal to their diameter (61). Periodic acid-Schiff (PAS) stain 
may be used to demonstrate the upper extent of the glycogen-poor 
basal cells (Figure 22.13). Above the basal cell layer, the 

P3573 
prickle and functional cell layers consist of glycogen-rich cells that 
become progressively flatter toward the surface. Glandular mucosa of 
the distal esophagus is typical cardiac mucosa with variable numbers 
of specialized gastric cells and cardiac glands as described in the 
following chapter. 
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Figure 22.13 Midesophagus. The basal cell layer of the 
esophageal epithelium shows lack of glycogen, allowing for ready 
distinction from the overlying glycogen-rich cells (PAS-D). 


Argyrophilic positive endocrine cells and melanocytes have been 
found scattered among the basal cells in approximately 25% (62) and 
4 to 8% of normal individuals, respectively, while Merkel cells are 
also described (29,30). The presence of melanocytes, referred to as 
melanosis (31,32,63), accounts for the occurrence of primary 
melanoma of the esophagus (64,65) and rare blue nevi (66), whereas 
the presence of argyrophilic positive cells accounts for the rare 
occurrence of pure small cell carcinoma (67). 


Occasional lymphocytes are a normal finding in the epithelium and 
usually are located in a suprabasal location (68,69,70). As they 
interdigitate between the epithelial cells, their nuclei become 


convoluted and may be confused with the nuclei of neutrophils. The 
term squiggle cell, or intraepithelial cells with irregular nuclear 
contours, is used to describe this appearance (Figure 22.14). As in 
the rest of the gastrointestinal tract, intraepithelial lymphocytes are 
CD3+/CD8+, indicating sSuppressor/cytotoxic function. Langerhans 
cells, which are S-100+, CD6+, and CDla+, also are located in a 
Suprabasal location (Figure 22.15); they function as antigen- 
presenting cells, similar to Langerhans cells of the skin (68,69). 
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Figure 22.14 A. Numerous lymphocytes within the esophageal 
epithelium, some of which have a a€cesquigglea€* appearance 
(arrows). In addition, the intercellular spaces are dilated causing 
very prominent prickles, while some of these have formed small 
a€cebubblesa€* primarily at the junction between epithelial cells 
(best seen in the upper right quadrant). Care needs to be taken 
not to include perinuclear vacuolization/cytoplasmic retraction or 
paranuclear vacuoles as dilated intercellular spaces. B. 
Intraepithelial lymphocytes are of T-cell origin, as demonstrated 
using the T-cell marker UCHL-1, and are primarily Suppressor 
(CD8+) cells. 


The cytology of the esophagus is represented by stratified squamous 


epithelium, gastric-type epithelium representing the distal 1 to 2 cm, 
and contaminants from the oropharynx, respiratory tract, and foreign 
material such as food particles. The squamous epithelium in cytologic 
material consists predominantly of superficial and intermediate 
Squamous cells, with the deeper parabasal cells or squamous 
a€cepearlsa€* occasionally observed. The  gastric-type epithelium 
from the lower 1 to 2 cm of the esophagus is brushed as cohesive 
fragments of uniform cells displaying a honeycomb arrangement. The 
peripheral cells of the cluster are flattened. The nuclei are regular 
and paracentrally situated and contain a few granules of chromatin 
and occasionally a small nucleolus. 


The electron microscopic appearance of the epithelial layer 
demonstrates similarities to nonkeratinizing squamous epithelium 
elsewhere (Figure 22.16). The cuboidal basal cells are attached to 
the basement membrane by hemidesmosomes. Progressing 
superficially, the epithelial cells become more flattened and the 
nuclei more pyknotic (68). Cell processes and desmosomes are most 
extensive in the prickle cell layer, becoming fewer and more 
simplified superficially (71). Membrane-bound, acid 
phosphatasea€“containing structures measuring 200 to 300 nm in 
diameter are identified within the epithelial cells and are 
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postulated to have a lysosomal function, possibly involved in the 
digestion of cell junctions necessary for epithelial sloughing (71,72). 


Figure 22.15 Langerhans cell (arrow) in a suprabasal position 
(S-100). 


Cell kinetics of the human esophagus have not been studied 
extensively. The basal cells are responsible for epithelial 
regeneration; and, although data on human esophageal mucosal 
renewal are not available, epithelial turnover in the esophagus is 
slower than in the small bowel (73). In the mouse, basal cell 
proliferation has been shown to have a circadian rhythm (74), and 


the epithelial turnover time in the normal rat esophagus is 
approximately seven days (75). In patients with GERD, there is an 
increased proliferative activity of the basal cells, resulting in basal 
cell hyperplasia (76). 


Figure 22.16 Scanning electron micrograph of the surface 
esophageal mucosa in which intercellular junctions are readily 
appreciated. 


Stem cells in the esophagus consist of a single layer of cells attached 
to the basement membrane that lie between the papillae 
(interpapillary basal cells) and have a low proliferative activity, being 
almost entirely Ki-67â€“ (Figure 22.17). In animal models, when 
these cells divide, one remains attached to the basement membrane, 
while the 
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other migrates and differentiates. They therefore have a high 
proliferative capacity, divide relatively infrequently in vivo, and are 
phenotypically a€ceprimitive.a€* Under experimental conditions, 
such stem cells a€cehomea€* to damaged esophagus, while it can 


also be shown that bone marrowa€“derived cells can also home to 
the esophagus and differentiate into esophageal stem cells, including 
Squamous epithelium (77). As such, basally situated stem cells do 
not show differentiation characteristics, possessing a different 
immunophenotype from the more differentiated cells in being CK13 
immunoreactive; CK13 is expressed at high levels in the cells of both 
the papillary basal layer (PBL) and epibasal layers but is absent from 
the keratinocytes of the interpapillary basal layer (IBL). In addition, 
CK14 and CK15 are patchy in the IBL, which contrasts with the high 
levels of expression in the PBL and epibasal layers. Also, mRNA for 
the differentiation marker CK4 is detectable in the papillary region 
from the second epibasal layer onwards but does not appear in the 
interpapillary region until the third epibasal layer (78,79). Therefore, 
IBL cells appear to be the least differentiated cell type in the tissue 
(79). Suprabasal integrin expression is a consistent finding at the 
tips of the esophageal papillae, so PBL cells probably migrate to this 
site (80). This concept is illustrated in Figure 22.18. 
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Figure 22.17 Basal layer of esophagus immunostained with MIB- 


1. A. The basal cell layer is relatively thin and unstimulated, 
consisting of only about 3 cell layers. Many of the cells in the 
basal layer are completely unstained, therefore representing 
likely stem cells, while the proliferating cells with black nuclei 
are in the cell layer immediately above. B. In this biopsy, the 
basal layer is much thicker and therefore more proliferative, and 
there are fewer noncycling stem cells in the basal layer. 


Lamina Propria 


The lamina propria is the nonepithelial portion of the mucosa above 
the muscularis mucosae; it consists of areolar connective tissue and 
contains vascular structures, scattered inflammatory cells, and 
mucus-secreting glands. In adults, the presence of scattered 
inflammatory cells, including lymphocytes and plasma cells, is 
considered a normal finding and does not correlate with acid reflux 
(61). Lymphocytes identified in the lamina propria are both CD4+ 
and CD8+, with the T4 population predominating (68). 
Immunoglobulin (lg)A-producing B cells (plasma cells) predominate, 
with a smaller population of IgG- and IgM-producing B cells (plasma 
cells) (68). Fingerlike extensions of lamina propria, termed papillae, 
extend into the epithelium, with the maximum depth of extension 
allowable in the normal esophagus varying from 50% (81) to 75% 
(81,82). Practically it is easy to use the â€œrule of thirdsa€* when 
examining biopsies, in which papillae should not extend into the 
upper one-third, and basal cells should not get higher than halfway 
up the basal one-third (adapted from: 

Ismail-Beigi F, Horton PF, Pope CE II. Histological consequences of 
gastroesophageal reflux in man. Gastroenterology 
1970;58:163â€“174 

). In the distal 3 cm of the esophagus, up to 60% of individuals 
without objective evidence of reflux demonstrate papillary lengths 
that may exceed these values (59). Conversely increasing basal cell 


hyperplasia and papillary height does correlate with increasing 
severity of reflux (83). 


Figure 22.18 A model of the cellular organization in the 
esophageal epithelium. The interpapillary basal layer (IBL) cells 
(blue-grey) constitute the epithelial stem cell compartment. IBL 
cells proliferate infrequently and asymmetrically. Proliferating 
cells reside in the epibasal (Suprabasal) layers (blue). Papillary 
basal cells (PBL) (green) are proliferative and intermediate in 
behavior between IBL and epibasal cells (see text). Differentiated 
Squamous cells are shown in orange. Modified with permission 
from: 

Seery JP, Watt FM. Asymmetric stem-cell divisions define the 
architecture of human oesophageal epithelium. Curr Biol 

2000; 10:1447a€“1450. 


Esophageal cardiac-type glands are diffusely scattered in the lamina 
propria through all levels of the esophagus, predominating in the 
distal and proximal regions (4,27). While they have been variably 
considered as _ heterotopias (7,27), normal constituents, or 
embryologic remnants, there is little doubt that they perform a 


lubricating function and are physiologically necessary to facilitate 
bolus passage. However their number is highly variable, and they are 
not always identified in the esophagus, having been found in 1 to 
16% of esophagi in various studies (7,27,62). Histologically, these 
glands are located within the lamina propria, resemble the cardiac 
glands of the stomach, and are composed of cells secreting neutral 
mucins (Figure 22.19). They resemble pyloric glands, even to the 
extent that they are MUC6 immunoreactive, and may contain variable 
numbers of both parietal and chief cells and Paneth-like granules. 
Their ducts are lined by simple mucus-producing cells, in contrast to 
the submucosal gland ducts, that are frequently squamous-lined. 
These duct- lining cells may also extend onto the surface for a 
variable distance, even producing small islands of simple mucus- 
producing islands with an abrupt junction with squamous mucosa (H. 
Watanabe, personal communication). 


Muscularis Mucosae 


The muscularis mucosae is composed of smooth muscle bundles 
oriented longitudinally (42), rather than having both a circular and 
longitudinal arrangement as in the stomach and intestines. The 
muscularis mucosae begins at the cricoid cartilage of the pharynx 
and become thicker distally. At the gastroesophageal junction, the 
esophageal muscularis mucosae is thicker than that of the stomach 
and 
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may be so thick as to be mistaken for muscularis propria on biopsy 
(Figure 22.20). This thicker appearance, along with the longitudinal 
arrangement, is used sometimes to indicate an esophageal origin for 
the biopsy, and the differences between the muscularis mucosae of 
the stomach and esophagus can be used to identify the muscular 
gastroesophageal junction. 


Figure 22.19 Midesophagus. A. Esophageal cardiac-type glands 
are located within the lamina propria. The ducts are lined by 
gastric foveolara€“like cells. B. The duct-lining cells may extend 
over the stratified squamous epithelium for variable distances 
(PASD). C, D. The glands stained PASD positive and alcian blue 
at pH 2.5 negative, characteristic of neutral mucins. 


Figure 22.20 Distal esophagus. The mucosal layer at the 
gastroesophageal junction is characterized by muscularis 
mucosae that is thicker than the muscularis mucosae of the more 
proximal esophagus (compare with Figure 22.12). Note the 
esophageal cardiac-type gland situated above the muscularis 
mucosae. 


Submucosa 


The submucosa consists of loose connective tissue containing 
vessels, nerve fibers (including Meissner's plexus), lymphatics, and 
submucosal glands (Figure 22.21). The submucosal glands are 
considered to be a continuation of the minor salivary glands of the 
oropharynx and are scattered throughout the entire esophagus, but 
they are more concentrated in the upper and lower regions (4). The 


glands consist of mucinous cells, with or without a minor serous 
component, and produce acid mucins (Figure 22.22) 
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as well as bicarbonate, which may have a local protective effect. The 
glands are drained by ducts, initially lined by a single layer of 
cuboidal epithelium, becoming stratified squamous in type, which 
penetrate the muscularis mucosae and epithelium to open into the 
esophageal lumen. This duct epithelium has been 
immunohistochemically shown to be 
CK14+/CK19+/CK7+/CK8/18+/variable CK20+ (84). This profile is 
similar to normal esophageal squamous epithelium and multilayered 
epithelium (ME), the latter representing a possible intermediate or 
early stage of Barrett's esophagus (84). Microscopic periductal 
aggregates of chronic inflammatory cells and duct dilatation are not 
uncommon findings in the normal esophagus (85). The presence of 
submucosal glands is indicative of an esophageal origin because 
these glands are not present in the stomach; unfortunately, 
submucosal glands are almost never present in mucosal biopsy 
specimens. However the ducts of the glands may be seen in the 
lamina propria of mucosal biopsies but are still only demonstrable in 
up to 14% of biopsies from the lower esophagus (86,87). Esophageal 
intramucosal pseudodiverticulosis is said to arise from 
postinflammatory obstruction of the ducts with subsequent duct 
dilatation (85,88). 


Figure 22.21 Midesophagus. Submucosal glands of the 
esophagus are located within the submucosa just beneath the 
muscularis mucosae. Periductal and periglandular chronic 
inflammation can be a normal finding. Note that in contrast to 
the columnar-lined glands of the lamina propria, the ducts of the 
submucosal glands are lined by squamous epithelium. 


Figure 22.22 Midesophagus. A. The submucosal glands are 
composed predominantly of mucus-secreting cells with a variable 
serous component. B. and C. The submucosal glands stained 
positive with PAS-D and Alcian blue at pH 2.5, a characteristic of 
acid mucins. D. Submucosal glands may demonstrate oncocytic 
metaplasia. 


Muscularis Propria 


It is generally stated that as much as the upper quarter to upper 
one-third of the proximal muscularis propria is composed of striated 
muscle (22,23); however, only a short length (approximately 5%) of 
the proximal muscularis propria is composed of striated muscle (89). 
Immediately distal to this, smooth and striated muscle intermix, with 
Smooth muscle predominating, whereas slightly more than 50% of 
the distal muscularis propria is composed solely of smooth muscle 
(89) (Figure 22.23). Despite the presence of these two different 
muscle types, they can function as a unit. Auerbach's plexus is found 
between the two muscle layers. Disease processes may preferentially 
involve only one of the muscular layers, as in scleroderma (in which 
atrophy predominantly involves the circular layer) or in achalasia (in 
which the circular layer may become hypertrophied) (4). 


Serosa 


Only short segments of the thoracic and intra-abdominal esophagus 
are lined by serosa derived from the pleura and peritoneum, 
respectively (4). The majority of the esophagus is surrounded by 
fascia, which condenses around the esophagus, forming a _ sheathlike 
structure. In the upper mediastinum, the esophagus is given support 
as this fascial tissue extends out to surround and form a similar 
Sheathlike arrangement around adjacent structures (22,23). 


Arterial Supply 


The cervical portion of the esophagus is supplied by branches of the 
inferior thyroid artery with contribution from various intercostal 

arteries. Branches of the bronchial arteries, intercostal arteries, and 
aorta supply the thoracic segment, whereas the abdominal segment 
is supplied by branches of the left gastric and inferior phrenic artery 
(4,22,23,90). Branches from these arteries run within the muscular 
layer, giving rise to branches that course within the submucosa. 


Anastomoses are extensive, explaining the rarity of esophageal 
infarction (4,90). 


Venous Drainage 


The venous return from the upper two-thirds of the esophagus drains 
into the inferior thyroid vein and azygous system, eventually 
reaching the superior vena cava. The lower esophageal segment 
drains into the systemic system through branches of the azygous 
vein and left inferior phrenic vein. The lower esophageal segment 
also drains into the portal system from branches of the left gastric 
vein and through the short gastric veins that empty into the splenic 
vein (4,22,23,90). 


The anatomy of the lower esophageal system has been shown to 
consist of four layers (91). Radially arranged intraepithelial channels 
drain into the superficial venous plexus, which is found in the upper 
submucosa. This superficial venous plexus, consisting of three to five 
main trunks located in the lower submucosa, communicates with the 
deep intrinsic veins. Perforating veins connect this layer with the 
adventitial layer of veins located on the esophageal surface. The 
venous system appears to be mainly distributed within the 
esophageal mucosal folds (92). 


The portal and caval systems communicate through the esophageal 
and gastric submucosal veins; and, with increased blood flow, as 
occurs in portal hypertension, all the venous channels of the normal 
esophagus dilate and are referred to as varices. In portal 
hypertension, varices are complicated by ulceration and rupture with 
hemorrhage. It has been suggested that a major variceal hemorrhage 
occurs as a result of rupture of a varix of the deep intrinsic veins, 
whereas minor variceal hemorrhages occur as a result of rupture of a 
varix in the superficial venous plexus or even from the intraepithelial 
channels (91). 


Lymphatic Drainage 

A rich network of lymphatics in the lamina propria and submucosa 
connect with lymphatics in the muscular and adventitial layers. 
Lymphatics in the muscular layer are predominantly oriented in a 


longitudinal direction (4). In 
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view of this longitudinal arrangement, extensive intramucosal and 

submucosal spread beyond a grossly visible tumor is not uncommon. 
This becomes an important consideration when assessing resection 
margins at frozen section. 
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Figure 22.23 Proximal esophagus. A. The muscularis propria 
demonstrates a mixture of smooth and striated muscle bundles. 
B. This mix of smooth (weakly stained) and striated (strongly 
stained) muscle is demonstrated using a myoglobin antibody. C. 
Detail photomicrographs of myoglobin-stained section 
demonstrates peripherally located nuclei typical of striated 
muscle. 


In general, the cervical esophagus drains into the internal jugular 
and upper tracheal lymph node groups. The thoracic esophagus 
drains into the superior, middle, and lower mediastinal lymph node 
groups, whereas the abdominal segment drains into superior gastric, 
celiac axis, common hepatic artery, and splenic artery lymph nodes 
(93). Despite this drainage pattern, in practice the extensive 
communication of lymphatics results in a varied and unpredictable 
metastatic pattern (93). 


Innervation (Nerves and Interstitial 
Cells of Cajal) 


The esophagus receives both parasympathetic and sympathetic nerve 
supplies containing afferent and efferent fibers that innervate glands, 
blood vessels, and muscles of the esophagus. The vagus nerve 
carries both parasympathetic and some sympathetic fibers. 
Sympathetic fibers originating in cervical and paravertebral chains 
run with vascular structures and end at the esophagus. 


As in the rest of the gastrointestinal tract, the esophagus has an 
intrinsic innervation system. This consists of ganglion cells in the 
submucosa (Meissner's plexus) and between the 
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circular and longitudinal muscle layers (Auerbach's plexus). These 
plexuses are less well developed in the esophagus when compared 
with the remainder of the gastrointestinal tract, and the density of 


neurons increases as one proceeds toward the stomach (22,23). The 
submucosal plexus is less well developed than the myenteric nerve 
plexus. 


The plexuses of the esophagus receive input from postganglionic 
sympathetic and preganglionic and postganglionic parasympathetic 
fibers, as well as from other intrinsic ganglion cells (20). Three cell 
types are described in the plexuses (89). Type |I neurons are 
multipolar and confined to Auerbach's plexus, and their axons 
establish synapses with type II cells. Type Il neurons are more 
numerous, are multipolar, and are found in both Auerbach's and 
Meissner's plexuses. These cells supply the muscularis propria and 
muscularis mucosae and stimulate secretory activity. 


Interstitial cells of Cajal (ICC) are widely distributed within the 
submucosal, intramuscular, and intermuscular layers associated with 
the terminal networks of sympathetic nerves. In the few studies that 
have examined the distribution of ICCs in the esophagus, they have 
been identified in the distal one-third of the esophagus in close 
association with smooth muscle, as well as in the middle one-third 
associated with both smooth and striated muscle (94). 
Gastrointestinal stromal tumors (GISTs), including those of 
esophageal origin, originate from these ICCs. Peculiar to the 
esophagus, when compared to the rest of the gastrointestinal tract, 
is that tumors of stromal origin are more frequently benign 
leiomyomas rather than GISTs (95). 


Figure 22.24 Barrett's esophagus. A. Intestinal metaplasia is 
recognized by the presence of goblet cells. Incomplete intestinal 
metaplasia (lower half of gland) is characterized by goblet cells 
associated with gastric foveolara€“like columnar cells, whereas 
complete intestinal metaplasia (upper half of gland) is 
characterized by goblet cells associated with small intestinal, 
absorptive-like columnar cells. B. Goblet cells in intestinal 
metaplasia stain positive with Alcian blue at pH 2.5. 


Regulatory peptides identified within nerve fibers and around smooth 
muscle bundles include vasoactive intestinal peptide (VIP), substance 
P, enkephalin, and neuropeptide Y (NPY) (96,97). Nerve fibers 
containing VIP and NPY are the most abundant types present in the 
esophagus, and the pattern of innervation by these peptide- 
containing neurons differs from that in the stomach and small 


intestine (98). Cholecystokinin (CCK) receptors are found in both the 
mucosa and nerves of the cardia (99). 


Diagnostic Considerations 


Commonly received biopsy specimens from the esophagus are for the 
diagnosis of reflux esophagitis or Barrett's esophagus. The problems 
of interpretation present in these cases involve the mucosal changes 
occurring primarily within the confines of the LES. 


Barrett's Esophagus 


Barrett's esophagus can be defined as the replacement of the 
esophageal squamous epithelium by metaplastic specialized (ideally 
intestinalized) columnar epithelium (100) (Figure 22.24). Both 
macroscopic and microscopic definitions exist, each proposed in an 
effort to address diagnostic problems encountered in this disease. 
That most accepted is the presence of an appropriate endoscopic 
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abnormality that is accompanied by intestinal metaplasia on biopsy 
(100). This works well except (a) in patients with a highly irregular Z 
line or very small tongues in whom the endoscopic interpretation of 
what is within normal limits (or not) may vary considerably; (b) in 
children, in whom it is rarely found in the first decade of life; and (c) 
tongues may also fail to yield goblet cells, especially in patients who 
have been on long-term proton pump inhibitors (PPIs). Indeed, fully 
20% of patients rebiopsied for tongues yield goblet cells at the 
repeat endoscopy (51), a figure virtually identical to that described in 
long-segment disease (101). Little is known about the dynamics of 
goblet cells in Barrett's and, if the stimulus for their formation is 
removed (duodenogastroesophageal reflux) or the amount of gastric 
secretion reduced (e.g., by use of PPIs), whether their number may 
diminish or even disappear. 


Macroscopically, Barrett's esophagus demonstrates a red velvety 


mucosa corresponding to the columnar epithelium, with an apparent 
focal or diffuse cephalad migration of the Z line relative to the 
previous normal mucosal gastroesophageal junction (Figure 22.25). 
Barrett's mucosa merges imperceptibly with the gastric mucosa 
distally. The junction with the esophageal squamous epithelium may 
appear as a symmetric or asymmetric Z line (as at the normal 
gastroesophageal junction) or as islands of columnar mucosa 
alternating with the squamous epithelium (â€œisland patternd€e ). 
Foci of squamous epithelium occasionally are identified within 
Barrett's mucosa. Inflamed squamous mucosa may be 
indistinguishable from Barrett's mucosa endoscopically, and therefore 
also the squamo-Barrett junction, when both are present. 


The diagnosis of Barrett's esophagus should always be confirmed 
histologically. If potential Barrett's mucosa is identified 
endoscopically, it should be examined via biopsy (as outlined below) 
to confirm the presence of specialized epithelium, as well as to 
exclude dysplasia or carcinoma, both of which may be inapparent 
endoscopically. Histologic confirmation is also important in cases of 
short-segment Barrett's esophagus (in which the short tongues of 
mucosa present may endoscopically resemble hiatal hernias, which 
are lined by gastric mucosa), inflammatory changes at the 
gastroesophageal junction, or an exaggerated and asymmetric yet 
normal mucosal gastroesophageal junction (102,103,104). Histologic 
confirmation is also necessary in cases of suspected childhood 
Barrett's esophagus, where Barrett's mucosa may be 
indistinguishable from the normal squamous epithelium 
(105,106,107). While the term ultra-short Barrett's esophagus has 
been used, primarily for lesions less that 1 cm (108), the 
interobserver variability of when an irregular Z line stops and 
Barrett's starts is problematic, rendering the term relatively useless. 
There also seems little sense in using it for patients with just 
intestinal metaplasia in an apparently normal cardia. 


Figure 22.25 Gastroesophageal region. Barrett's esophagus, 
demonstrating proximal extension of columnar-lined mucosa well 
into the tubular esophagus. This columnar-lined mucosa extends 
more than 2 cm from the proximal gastric folds (arrows). 


In adults, specialized epithelium is by far the most frequent epithelial 
type identified, so much so that the presence of this epithelium is 
increasingly being used as the sole criterion for the diagnosis of 
Barrett's esophagus (100). Other epithelial types are of much less 
value diagnostically and include fundic, junctional, metaplastic 
pancreatic acinar, and multilayered epithelium. Superimposed 
dysplasia, primarily of intestinalized epithelium, also may be present. 


Specialized-type epithelium is characterized by the presence of 
goblet and columnar cells (Figure 22.24). The goblet cells contain 
acid mucins, predominantly sialomucins, thus staining positive with 


Alcian blue at pH 2.5, MUC2, or CD10 if there is complete intestinal 
metaplasia. The nongoblet cell population may also show an 
intestinal phenotype, showing expression of the intestinal markers 
sucrase-isomaltase and _ dipeptidilpeptidase IV immunoexpression in 
the majority of patients examined (109). Similarly goblet cells in 
Barrett's associated intestinal metaplasia are much more likely to 
express the mucin antigens MUC1 and MUC6 (110). The columnar 
epithelial cells may therefore resemble either small intestinal 
absorptive cells (complete intestinal metaplasia) or gastric foveolar 
cells, which frequently show evidence of an intestinal phenotype 
(incomplete intestinal metaplasia); however, these metaplastic cells 
demonstrate abnormal features that distinguish them from their 
normal counterparts (Figure 22.24). In the case of complete 
intestinal metaplasia, the small intestinal-like columnar cells may 
demonstrate a brush border, but it is not well developed and lacks 
the uniform enzymatic activity normally found in the brush border of 
the small intestine (111). Ultrastructurally, these metaplastic cells 
have been shown to contain mucin granules, which are not present in 
the absorptive cells of the small intestine, while the gastric foveolar- 
like columnar cells frequently contain Alcian bluea€“positive acid 
mucin, in contrast to those that normally populate the stomach, 
which contain Alcian bluea€“negative neutral mucins (111). 
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Other types of gastric mucosa may be present in Barrett's esophagus 
but cannot easily be distinguished from mucosa arising from the 
a€cenormala€* gastric cardiac mucosa; their definitive presence in 
Barrett's esophagus can be accepted only in resections or other 
circumstances under which specialized mucosa has been identified 
above the gastroesophageal junction. In the adult, fundic-type 
mucosa is uncommon and, if present, resembles the transitional 
epithelium seen at the junction of the gastric body with the antrum 
or cardia, with only a scattering of parietal and chief cells. Fundic- 
type mucosa without intestinalization and resembling normal gastric 
fundus mucosa can be seen in childhood Barrett's esophagus; 


otherwise, it is rare, and if present one must consider the possibility 
that the invariably present hiatal hernia has been examined via 
biopsy. The lack of intestinalized mucosa is a feature usually 
confined to children; it is likely that specialization occurs later in 
early adult life. Similarly, junctional-type mucosa that histologically 
is indistinguishable from normal gastric cardiac mucosa may be 
presenta€”so much so that, if seen as the only mucosal type in a 
case of suspected short-segment Barrett's esophagus, a normal 
exaggerated Z line cannot be excluded. 


Multilayered epithelium is a distinctive type of epithelium, 
histologically characterized by multiple layers of basaloid cells with 
an overlying layer of columnar epithelium (Figure 22.26). This 
epithelium has been shown to have mucin and immunohistochemical 
qualities similar to normal squamous epithelium, duct gland 
epithelium, and Barrett's epithelium (84); and it is associated with 
reflux-induced injury (112) and intestinal metaplasia in patients with 
Barrett's disease (113). As such, it is postulated that multilayered 
epithelium may represent an early/transitional phase of columnar 
metaplasia in Barrett's esophagus, although some believe that this is 
ciliated ultrastructurally and therefore represents simple metaplasia 
(8,28). 


Figure 22.26 Multilayered epithelium, in which there is apical 
mucin production at the luminal surface (top), but the remainder 
of the epithelium appears squamous with intercellular bridges. 


The diagnosis of Barrett's esophagus is best established by taking 
biopsy samples from various levels of the gastroesophageal region 
(114), beginning in the stomach just distal to the upper end of the 
gastric folds, ideally along the lesser curve, and then every 1 to 2 
cm, up into the tongues of mucosa or the most irregular portion of 
the squamocolumnar junction until Squamous epithelium is reached. 
Obvious islands of columnar-lined epithelium also should be 
examined via biopsy. This series of biopsy samples yields tissue that 
initially originates in a site that is clearly of gastric origin (thereby 
excluding gastric intestinal metaplasia as a cause of proximal 
intestinalized epithelium), continues through mucosa in which 
intestinalized epithelium is present (thereby confirming the diagnosis 


of Barrett's esophagus), and finishes in squamous mucosa. Intestinal 
metaplasia may be focal and thus may be missed on biopsy. In such 
cases, if the diagnosis of Barrett's esophagus is suspected, follow-up 
with repeat biopsy is necessary. 


Although there is uncertainty as to the cell of origin for Barrett's 
esophagus, the cells lining the gland duct may be considered as a 
possible source (115). Conversely, re-epithelialization of the 
esophagus following ablation may well be from the squamous-lined 
submucosal gland ducts. 


Intestinal Metaplasia Limited to the 
Cardiac Region 


Intestinal metaplasia (IM) is common and found in up to one-third of 
patients (116); but, it also depends to some extent on how many 
biopsies are taken and where a highly irregular but normal Z line 
stops and short-segment Barrett's esophagus (defined as less than 3 
cm of columnar-lined esophagus with goblet cells) begins, a feature 
with quite marked interobserver variability. In one study, a total of 
811 (84.6%) patients had O to 0.9 cm of questionably abnormal 
columnar epithelium between normal oxyntic mucosa and squamous 
epithelium. Of these, 161 (19.9%) patients had no abnormal 
epithelium, 158 (19.4%) patients had oxyntocardiac mucosa, 372 
(45.9%) patients had cardiac mucosa, and 120 (14.8%) patients had 
intestinal metaplasia. The prevalence of intestinal epithelium 
increased progressively with increasing length of abnormal columnar 
epithelium, being present in 70.4% in the 1- to 2-cm group, 89.5% 
in the 3- to 4-cm group, and 100% within the greater than or equal 
to 5 cm group (117). 


This raises several issues. First, metaplasia has several causes, 
although the principle two are GERD and Helicobacter. Second, 
because the diagnosis of Barrett's esophagus requires both intestinal 
metaplasia and an appropriate endoscopic appearance, the 


identification becomes key, especially in defining what is 
unequivocally 
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abnormal and where an irregular but normal Z line stops and 
Barrett's begins (118,119). Clearly, Barrett's esophagus has to begin 
somewhere, but this distinction is currently impossible to determine 
because, although some differences between metaplasia in native 
cardiac mucosa and metaplasia in what was formerly squamous 
mucosa exist (9), it is unclear how reliable these are. The third issue 
regarding the type of epithelium in which intestinal metaplasia is 
occurring is in part the pathogenesis issue but also its implication. 
Does intestinal metaplasia in what is believed to be the native 
cardiac side of the Z line have the same malignant potential as 
recognized Barrett's mucosa? If it does not, then it becomes critical 
to attempt to separate the two; but, if it does, then the exercise is 
futile because both diseases are premalignant and the issue becomes 
the extent of the risk and whether this justifies surveillance. Because 
metaplasia at the cardia in Helicobacter gastritis tends to be 
complete, while that in Barrett's is often both complete and 
incomplete, it is likely that Barrett's esophagus is at increased risk of 
developing carcinoma. This is also Supported by mucin 
immunohistochemistry using MUC1 and MUC6 (110). 


Gastroesophageal Reflux Disease 
(GERD) 


The problems encountered in GERD are related to squamous 
epithelial changes in the distal 3 cm of the esophagus and to the 
Significance of intraepithelial inflammatory cells. 


Reactive Squamous Changes 


Reflux-associated squamous hyperplasia (RASH) consists of basal cell 
hyperplasia of greater than 15% and extension of the papillae into 


the upper one-third of the epithelium (60) (Figure 22.27). Practically, 
in well-oriented biopsy samples, the esophageal mucosa can be 
divided into thirds; the papillae should not be seen extending into 
the upper one-third, and the basal cell layer should not extend more 
than halfway into the lower one-third. This is operatively a simple 
and rapid technique for assessing the degree of RASH. However, 
similar changes have been described in the distal 3 cm of the 
esophagus in approximately 60% of patients without objective or 
subjective evidence of acid reflux (59); thus, if present in biopsy 
Samples originating from this zone, such hyperplastic changes should 
be considered normal, despite the fact that these changes are much 
more likely to be found in patients with GERD and NERD (nonerosive 
reflux disease) (83). Changes of RASH are much more likely to be a 
more specific indicator of reflux if the biopsy samples are taken 
above the distal 3 cm of the esophagus (59,61). It should be 
remembered that squamous hyperplasia is a nonspecific reaction to 
any form of esophageal injury and needs to be interpreted in light of 
the clinical context. 


Figure 22.27 Reflux esophagitis. Basal cell hyperplasia and 
lengthening of the papillae are present. The papillae have 
extended almost to the surface of the mucosa (arrows). 


Dilated Intercellular Spaces 


Apart from squmaous hyperplasia, dilatation of the intercelluar 
spaces of the squamous epithelium as a result of gastroesophageal 
reflux has been demonstrated at both the electron and light 
microscopic level (120,121,122) (Figure 22.14). This early epithelial 
damage is morphologically characterized by irregular dilatation of the 
intercellular spaces of the basal and prickle cell layers in both 

erosive and nonerosive esophagitis. Using ultrastructural 
measurement, it seems that dilatation of more than 2.4 Aum is 
highly suggestive of GERD (123). This is approximately half the 
diameter of an intaepithelial lymphocyte. Further, patients with NERD 


have a DIS measurement of approximately half of this at 1.5 Aum, 
which is still about three times the normal value of 0.45 to 0.5 Aum 
(124). Readers will no doubt be pleased to know that these 
measurements were made ultrastructurally! Treatment with 
omeprazole results in complete recovery of DIS (125). DIS have also 
been shown to be one of the histological changes (along with basal 
cell hyperplasia) seen in biopsies from endoscopic lesions referred to 
as a€oered streaksa€* (86), along with newly re-epithelialized 
lesions or granulation tissue beneath squamous epithelium. Its utility 
as a marker of GERD when unaccompanied by other morphological 
features of reflux disease has yet to be fully determined. 


I ntraepithelial Inflammatory Cells 


Intraepithelial eosinophils (IEEs) and intraepithelial neutrophils 
(IENs) are generally not considered to be normal constituents of the 
epithelium throughout its entire length, although rare IEEs in the 
distal 3 cm of approximately one-third of adult patients is considered 
normal (61). The presence of IEEs has long been considered a 
sensitive indicator 
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of reflux esophagitis (61,82,126), although this sensitivity is in 
question, and not infrequently it is the only pathologic change 
(Figure 22.28A). Intraepithelial eosinophils are not absolutely 
specific, having been described in esophagitis due to alkaline reflux, 
allergic disorders, and infections (82) (Figure 22.28B). In children, 
although not an absolute criterion, eosinophils within the lamina 
propria are a significant finding in GERD. However, it is also clear 
that there is a second syndrome that can be seen in both adults and 
children in whom the primary symptom may be dysphagia rather than 
GERD; it tends to occur in younger males, and when fully developed 
is characterized endoscopically by rings reminiscent of allergic 
esophagitis. It has therefore been called feline esophagus, ringed 
esophagus, or trachealization of the esophagus. The esophagus is 
fragile and can perforate if dilatation of areas of narrowing is 


attempted. Histologically, the features are massive (usually 
20a€“40/HPF) numbers of eosinophils, that also tend to extend 
throughout the esophagus, and also tend to be superficial. Patients 
often have other evidence of allergies and may respond to steroids or 
allergen withdrawal, including an elemental diet, rather than to PPIs 
(127,128,129,130,131,132,133). 


Figure 22.28 Eosinophilic esophagitis. A. Reflux esophagitis. 
Intraepithelial eosinophils are present between the epithelial 
cells. B. Allergic esophagitis (feline esophagus). There is marked 
basal cell hyperplasia, spongiosis with dilated intercellular 
Spaces, and numerous eosinophils. 


The presence of IENs obviously implies acute esophagitis and 
correlates with the presence of erosion or ulceration, albeit of any 
cause, but is less sensitive for mild GERD. When present, IENs are 
frequently, but not always, accompanied by the other histologic 
features of esophagitis. In biopsies, the absence of other features 
may simply reperesent sampling problems. The use of DIS, IEEs, and 
IENs as histologic criteria of GERD has the advantage that 
localization and orientation of the biopsy is not important. 


Vascular changes such as dilated capillaries and extravasated red 
blood cells in the lamina propria should not be considered as criteria 
for GERD (60,61), although some have been impressed by its 
usefulness (134). Increased vascularization in the lamina propria, 
thought of as indicative of RASH is not considered a diagnostic 
criterion (133). The presence of intraepithelial mononuclear cells 
(squiggle cells) is associated with GERD but rarely used as the sole 
criterion (83,135,136). 


In the assessment of biopsy tissues for RASH, well-oriented biopsy 
specimens of full epithelial thickness are necessary. Quite often 
biopsy samples are taken with small pinch forceps, resulting in a 
Specimen that is small, Superficial, and difficult to orient. If 
endoscopy is being performed to obtain a tissue diagnosis, an 
appropriate endoscope with large-particle grasp forceps should be 
used. Changes of GERD may have a patchy distribution; thus, 
multiple biopsies are recommended. It is important to avoid the use 
of picric acid containing dyes and fixatives (such as Bouin's solution) 
because this interferes with the staining of the eosinophil granules, 
thus preventing their recognition. 


Inflammatory Changes on the Cardiac Side 
of the Z Line 


Because of the increasing use of biopsy samples immediately on the 
Squamous side of the Z line to detect inflammatory cells, some 
biopsy samples inevitably contained cardiac mucosa immediately 
distal to the Z line. Some of these specimens contained an excess of 
chronic and sometimes acute inflammatory changes, which were not 
only unaccompanied by inflammatory changes elsewhere in the 
stomach, as might be expected with Helicobacter pylori gastritis, but 
inflammation appeared to be completely limited to the gastric cardia 
and therefore was appropriately termed gastric carditis (114). 
However, it appears to be a more sensitive marker for GERD than 
inflammatory changes in the squamous mucosa, as judged by 
correlation with 24-hour pH studies (57,114,137,138), the proviso 
being that Helicobacter infection (gastritis) is not present as this also 
causes carditis (139,140,141). 
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Adenocarcinomas of the 
Gastroesophageal Region 


Adenocarcinomas arising in the gastroesophageal region may have 
their origin from the gastric cardia, from Barrett's mucosa, or 
theoretically from the gastric cardiac-type mucosa present in the 
distal 2 cm of the esophagus. Gastric cardiac adenocarcinomas can 
be defined macroscopically as those occurring at or below the 
gastroesophageal junction, with the bulk of the tumor found in the 
gastric cardia and not involving the body or distal stomach (142). 
The presence of premalignant changes in the adjacent cardiac 
epithelium, such as a villous adenoma or dysplasia, would be 
confirmatory. Adenocarcinoma arising from Barrett's esophagus are 
predominantly located in the esophagus and are usually associated 


with demonstrable Barrett's mucosa histologically. Those arising from 
the gastric epithelium of the distal 2 cm of the esophagus can be 
classified with those of the gastric cardia unless associated with 
Barrett's mucosa. Occasionally, an adenocarcinoma may involve both 
the lower esophagus and gastric cardia equally, with obliteration of 
the landmarks of the gastroesophageal junction and any 

premalignant mucosa. In these cases, identification of the site of 
origin may be impossible; however, from a practical viewpoint, this 
distinction may not be important because their clinical behaviors are 
similar (142,143,144). 
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23 
Stomach 


David A. Owen 


Embryology and Postnatal 
Development 


The stomach develops as a fusiform dilatation of the foregut 
caudal to the esophagus. This occurs first when the embryo is 7 
mm in length. Initially, it is attached to the back of the abdomen 
by the dorsal mesogastrium and to the septum transversum 
(diaphragm) by the ventral mesogastrium. As the stomach 
enlarges, the dorsal mesogastrium becomes the greater omentum 
and the ventral mesogastrium becomes the lesser omentum. 


The stomach is derived from endoderm, and early glandular 
differentiation of the mucosal lining occurs first at the 80-mm 
stage of fetal development. Enzyme and acid production first occur 
at the fourth month of fetal life and are well established by the 
time of birth. The newborn stomach is fully developed and similar 
to that of the adult. 


Gross Morphologic Features 


The stomach is a flattened J-shaped organ located in the left upper 
quadrant of the abdomen. At its upper end, it joins the esophagus 
several centimeters below the level of the diaphragm. At its distal 


end, it merges with the duodenum, just to the right of the midline. 
The stomach is extremely distensible, and its size varies, 
depending on the volume of food present. 


For the purposes of gross description, the stomach can be divided 
into four regions: cardia, fundus, corpus (or body), and antrum 
(1,2) (Figure 23.1). The superomedial margin is termed the lesser 
curvature, and the inferolateral margin is termed the greater 
curvature. The cardia is found just distal to the lower end of the 
esophagus. It is a small and ill-defined area, extending 1 to 3 cm 
from the gastroesophageal junction. The fundus is that portion of 
the stomach that lies above the gastroesophageal junction, just 
below the left 


hemidiaphragm. The antrum comprises the distal third of the 
stomach, proximal to the pyloric sphincter (pylorus), with the 
remainder of the stomach referred to as the corpus. The junction 
between the antrum and corpus is poorly demarcated. By external 
examination, it comprises the portion of stomach distal to the 
incisura, a notch on the lesser curvature (1). Internally, the 
gastric mucosa is usually thrown into coarse folds called rugae. 
These are prominent when the stomach is empty but flattened out 
when the organ is distended. The rugae are most prominent in the 
corpus and fundus because this is where the major dilatation to 
accommodate food occurs. The antrum is characterized by mucosa 
that is flatter and more firmly anchored to the underlying 
submucosa (Figure 23.2). 
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Figure 23.1 Gross anatomical zones of the stomach. 


The wall of the stomach has four layers: mucosa, submucosa, 
muscularis propria, and subserosa. Apart from the mucosa, these 
layers are structurally similar to the bowel wall elsewhere in the 
gastrointestinal tract. When viewed close up, the surface of the 
mucosa is dissected by thin shallow grooves termed areae 
gastricae (3). These are structurally fixed and do not flatten out 
when the stomach is distended. They are best seen when the 
mucosa is viewed en face with a hand lens. Areae gastricae may 
be demonstrated radiologically via double-contrast barium 
examination but also can be recognized on histologic 
sectionsa€”particularly from gastrectomy specimens, where they 
appear as shallow depressions on an otherwise monotonously 
Smooth surface (Figure 23.3). 


Blood Supply 


Five arteries supply blood to the stomach. The left gastric artery 
arises directly from the celiac axis and supplies the cardiac region. 


The right gastric artery (which supplies the lesser curve) and the 
right gastroepiploic artery (which supplies the greater curve) arise 
from the hepatic artery. The left gastroepiploic and the short 
gastric arteries arise from the splenic artery and also supply the 
greater curvature. All these vessels anastomose freely, both on 
the subserosal layer of the stomach and in the muscularis propria, 
with extensive true plexus formation present within the 
submucosa. This richness of blood supply explains why it is so 
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unusual to see gastric infarcts. The mucosal arteries are derived 
from this submucosal plexus but are end arteries and supply an 
area of mucosa that is largely independent of the adjacent 
mucosal arteries (4). 


Figure 23.2 Mucosal zones of the stomach. The cardiac 
mucosa (C) is present distal to the lower end of the esophagus 
(E). The pyloric mucosa (P) occupies a triangular zone 
proximal to the duodenum (D). Elsewhere, the fundic mucosa 
(F) shows prominent rugal folds. 


Figure 23.3 Low-power view of the gastric fundal mucosa. 
The grooves in the mucosa are fixed anatomical features called 
areae gastricae. 


Nerve Supply 


The sympathetic nerve supply to the stomach is derived from the 
celiac plexus via nerves that follow the gastric and gastroepiploic 
arteries. Branches also are received from the left and right phrenic 
nerves. The parasympathetic supply is the vagus nerve via the 
main anterior and posterior trunks that lie adjacent to the 
esophagogastric junction. Shortly after entering the abdomen, the 


anterior vagus nerve gives off a hepatic branch, and the posterior 
vagus nerve gives off a celiac branch. Therefore, truncal vagotomy 
above these branches results in denervation of not only the 
stomach but the entire intestinal tract. Sectioning below these 
nerves results only in gastric denervation. A highly selective 
vagotomy (gastric corpus denervation) is achieved by sectioning 
lateral branches as the two main gastric nerves pass along the 
lesser curvature, with preservation of the terminal portion of the 
vagi that supply the antrum. No true nerve plexuses occur on 
either subserosal layer of the stomach but instead are 
concentrated in Meissner's plexus in the submucosa and 
Auerbach's plexus between the circular and longitudinal fibers of 
the muscularis propria. 


Lymphatics 


Recent studies (5,6) have disproved the former view that 
lymphatic channels are present at all levels of the lamina propria. 
By using careful ultrastructural techniques, lymphatics have been 
demonstrated to be limited to the portion of the lamina propria 
immediately superficial to the muscularis mucosae. From there, 
efferents penetrate the muscle and communicate with larger 
lymphatic channels running in the submucosa. This arrangement 
implies that an early gastric cancer may have lymphatic 
metastases, even though the primary tumor is entirely superficial 
to the muscularis mucosae. 


The lymphatic trunks of the stomach generally follow the main 
arteries and veins. Four areas of drainage can be identified, each 
with its own group of nodes. The largest area comprises the lower 
end of the esophagus and most of the lesser curvature, which 
drains along the left gastric artery to the left gastric nodes. From 
the immediate region of the pylorus, on the lesser curvature, 
drainage is to the right gastric and hepatic nodes. The proximal 
portion of the greater curvature drains to pancreaticosplenic nodes 


in the hilum of the spleen, and the distal portion of the greater 
curvature drains to the right gastroepiploic nodes in the greater 
omentum and to pyloric nodes at the head of the pancreas. 
Efferents from all four groups ultimately pass to celiac nodes 
around the main celiac axis. 


General Histologic Features 


Histologically, the mucosa has a similar pattern throughout the 
stomach. It consists of a superficial layer containing foveolae 
(pits), which represent invaginations of the surface epithelium, 
and a deep layer consisting of coiled glands that empty into the 
base of the foveolae (Figure 23.4). The glandular layer differs in 
structure and function in different zones of the stomach that 
correspond roughly, but not precisely, to the gross anatomic 
regions (Figure 23.1). 


Adjacent to the gastroesophageal junction is the cardiac mucosa, 
where the glands are mucus secreting. Extending proximally from 
the pylorus is the pyloric mucosa (sometimes called the antral 
mucosa), where the glands are also mucus secreting. This zone is 
triangular, extending much further (5a€“7 cm) proximally along 
the lesser curvature than it does along the greater curvature 
(3a€“4 cm). The pyloric mucosal zone is not identical to the antral 
region, although some accounts use these terms interchangeably. 
Also, contrary to what is implied in some descriptions, the incisura 
has no fixed relationship to the proximal margin of the pyloric 
mucosal zone. Elsewhere within the stomach (corpus and fundus), 
the mucosa is exclusively fundic in type, where the glands are 
specialized to secrete acid and pepsin. 


Histologic transition between pyloric and fundal mucosa is gradual 
rather than abrupt, with intervening junctional mucosae (1a€“2 cm 
in width) having a mixed histologic appearance. A broad mucosal 
transition zone is also present at the pylorus, where gastric and 
duodenal mucosae merge. However, at the lower end of the 


normal esophagus, the change from nonkeratinizing squamous 
epithelium to columnar epithelium is abrupt, both grossly and 
microscopically. The position of this Squamocolumnar junction is 
variable and does not always coincide with the 
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strict anatomic esophagogastric junction, that is, the point where 
the tubular esophagus becomes the saccular stomach. In some 
individuals the mucosal junction is located 0.5 to 2.5 cm proximal 
to the anatomic junction and often is serrated, rather than being a 
regular circumferential line (Z line) (2). 
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Figure 23.4 Diagrammatic representation of gastric fundal 
mucosa. Zymogenic (chief) cells are seen mainly in the basal 
portion of the glands and parietal cells mainly in the isthmic 
portion. The neck portion contains zymogenic cells, parietal 
cells, and mucous neck cells. A small number of endocrine 
cells are present in the basal zone. 


Surface Epithelium 


Histologically, the gastric mucosa is covered by tall, columnar, 
mucus-secreting cells with intervening foveolae that are lined by a 
similar epithelium (Figure 23.5). The surface and foveolar lining 
cells are similar throughout all the mucosal zones of the stomach. 
The gastric glands empty into the base of the foveolae. Separating 
the foveolae and the glands is the lamina propria. In the cardiac 
and pyloric mucosal zones, the foveolae are wider than in other 
areas, sometimes giving the mucosa a slightly villous appearance 
(Figure 23.6). 
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Figure 23.5 Gastric surface epithelium with each cell having a 
mucous globule in the superficial cytoplasm. Intraepithelial 
lymphocytes are present. These are surrounded by a clear halo 
(formalin fixation artifact). 


The cells of the surface epithelium and foveolae are tall and 
columnar with basally situated nuclei and superficial cytoplasm 
that is almost entirely filled with mucus (Figure 23.7). The nuclei 


have an even distribution of chromatin, with single inconspicuous 
nucleoli. On hematoxylin and eosin (H&E)a€“stained sections, the 
appearance of the mucus varies, depending on the staining routine 
and type of stain used. For example, with alcoholic eosin, the 
mucus appears as a single vacuole that is clear or lightly 
eosinophilic. With aqueous eosin, the mucus is more heavily 
eosinophilic and is seen to be present in numerous, small, closely 
aggregated 
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vacuoles. Histochemically, the foveolar mucus is all neutral, 
periodic acid- Schiff (PAS)a€“positive, but Alcian blue-negative at 
pH 2.5 and lower (7). 


Figure 23.6 Gastric pyloric mucosa. Note that the glands are 
loosely packed and occupy about half the mucosal thickness. 
The surface epithelium appears slightly villous. 


Figure 23.7 Gastric surface epithelium showing cytoplasmic 
mucus present in multiple small vacuoles. 


Cardiac and Pyloric Mucosa 


In the cardiac and pyloric zone, the foveolae occupy approximately 
one-half of the mucosal thickness (Figure 23.6). Both the cardiac 
and pyloric glands are mucus secreting and are loosely packed 
with abundant intervening lamina propria (Figure 23.8). Occasional 
cystic glands may be found in the cardiac mucosa but usually are 
not encountered in the pyloric mucosa. The cells of the mucus 
glands have ill-defined borders and a bubbly cytoplasm that is 
different from the foveolar and surface epithelium. They resemble 
Brunner's glands of the duodenum. Isolated parietal cells are not 
infrequently found either singly or in small groups, particularly in 
the pyloric mucosa and especially at the junctional zone, where it 
meets the fundic mucosa (1). However, it is uncommon for 
zymogenic (chief) cells to be present outside of the fundic mucosa 
and junctional area. The pyloric glands secrete neutral mucin only. 


The cardiac glands secrete predominantly neutral mucin with small 
amounts of sialomucin (7). 


Figure 23.8 Pyloric glands containing cells with a bubbly, 
foamy appearance. 


The extent of the cardiac mucosa and even its existence as a 
component of the normal gastroesophageal junction has been 
disputed. Chandrasoma and his associates (8) studied the 
gastroesophageal region in unselected adult autopsies. They found 
that when one histologic section was taken through this region 
only 27% of cases had a zone of pure cardiac mucosa, 44% of 
cases had a zone of cardiofundic mucosa (glands containing a 
mixture of mucus-secreting cells and parietal cells), and 29% of 
cases had only pure fundic mucosa. When the entire 
gastroesophageal junction from a selected group of adult autopsies 
was examined, all cases had cardiofundic mucosa present, but only 
44% had a zone of pure cardiac mucosa. They also found that the 
zones of pure cardiac mucosa and cardiofundic mucosae were 
incomplete so that in some sections the esophageal squamous 


epithelium was present immediately adjacent to pure fundic 
mucosa. The average length of the cardiac and cardiofundic 
mucosa was 5 mm, and it never extended beyond 15 mm from the 
lower margin of the squamous esophageal epithelium. Other 
investigators have obtained similar results (9). In contrast, Kilgore 
and associates (10) and Zhou and associates (11) examined 
autopsy material from fetuses, infants, and young children. They 
found that pure cardiac mucosa was present in every case and 
measured 1.0 to 4.0 mm in length (average 1.8 mm). In 38% of 
cases, there was an abrupt transition from cardiac to fundic 
glands; and, in the remainder of cases, an additional zone of 
cardiofundic mucosa was present that generally measured less 
than 1.0 mm in length. In all instances where cardiofundic mucosa 
was present, it was in addition to a zone of pure cardiac mucosa. 
These findings suggest that pure cardiac mucosa and cardiofundic 
mucosa are normal findings but that the extent of the mucus- 
secreting mucosa is less than was previously thought. Cardiac 
mucosal abnormalities may occur when there is gastroesophageal 
reflux or when the stomach is infected by Helicobacter pylori. The 
changes may include inflammatory nuclear atypia, intestinal 
metaplasia, and the presence of hybrid mucosa (12). Hybrid 
mucosa is multilayered, with squamous cells at the base of the 
mucosa and columnar epithelium on the surface. With the 
development of these inflammatory changes, it may be difficult or 
even impossible to distinguish between damaged cardiac mucosa 
and glandular metaplasia of esophageal squamous epithelium 
(Barrett's esophagus). Reference to specialized pathology texts is 
required (13). This distinction has a practical importance because 
Barrett's esophagus carries a higher potential for malignant 
change than does metaplastic cardiac mucosa (14). 


Figure 23.9 Gastric fundic mucosa. Note the short foveolae 
and the tightly packed glands. Purplish zymogenic cells 
predominate at the base, and pinkish parietal cells 
predominate in the upper part of the glands. 


Fundic Gland Mucosa 


The fundic (or oxyntic) gland mucosa has foveolae that occupy less 
than one-quarter of the mucosal thickness. In contrast to the 
cardiac and pyloric mucosa, the glands are tightly packed and are 
straight rather than coiled (Figure 23.9). For descriptive purposes, 
they can be divided into three portions: base, neck, and isthmus. 
The basal portion consists mainly of zymogenic cells (pepsinogen 
secreting). These are cuboidal and have a basally situated nucleus, 
which typically contains one or more small nucleoli and cytoplasm 
that usually stains pale blue-gray with some variation, depending 
on the type of hematoxylin used (Figure 23.10). The isthmic 
portion of the glands contains predominantly parietal cells (acid- 
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and intrinsic factor-secreting). These are roughly triangular, with 
their base along the basement membrane. The nuclei are centrally 
placed with evenly distributed chromatin, and the cytoplasm stains 
a deep pink on well-differentiated H&E sections (Figure 23.10). 
The neck portion of the fundic glands contains a mixture of 
zymogenic and parietal cells, together with a third type, mucous 
neck cells (Figure 23.11). These are difficult to recognize on an 
H&E stain but are easily identified using a PAS stain, where they 
are seen to resemble the mucus-secreting cells of the cardiac and 
pyloric glands. These cells produce neutral and acidic mucin, 
especially sialomucin, which stains positively with Alcian blue at 
pH 2.5 (15). Mucous neck cells are found in lesser numbers in the 
isthmic portion of the glands, and occasional parietal cells can be 
encountered in the basal portion of the glands. Mucous neck cells 
are also present in the pyloric mucosa. 


Figure 23.10 Fundic glands, showing parietal cell cytoplasm 
staining light pink and zymogenic cell cytoplasm staining 
purplish (H&E). 


Figure 23.11 Fundic mucosa. The surface and foveolar lining 
epithelium is intensely positive. Paler staining mucus neck 
cells are present within the glands (PAS). 


Studies indicate that the mucous neck cells located in glands from 
all areas of the stomach have proliferation and mucosal 
regeneration as their major functions. These undifferentiated cells 
act as stem cells and may migrate upward to renew foveolar and 
surface epithelium or downward to renew zymogenic, parietal, or 
neuroendocrine cells (16). It has been estimated that, in humans, 
the gastric surface epithelium is normally replaced every four to 
eight days. The parietal and zymogenic cells turn over much more 
Slowly, likely every one to three years. 


Endocrine Cells 


The stomach contains a wide variety of hormone-producing cells. 
In the antrum, about 50% of the whole endocrine cell population 
are G cells (gastrin-producing), 30% are enterochromaffin (EC) 
cells (serotonin-producing), and 15% are D cells (Somatostatin- 


producing). In the fundic mucosa, however, a major portion of the 
endocrine cells are enterochromaffin-like (ECL) and secrete 
histamine. Small numbers of X cells (secretion product unknown) 
and EC cells are also present. In the fundic mucosa, the cells 
secreting these 
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hormones are mostly located in the glands, particularly toward the 
base. In the pyloric mucosa, they are most common in the neck 
region just below the foveolae. Within these neuroendocrine cells, 
the hormones are present as cytoplasmic granules located between 
the nucleus and basement membrane; but, because the granules 
are generally inconspicuous on H&E sections, special techniques 
are required for their demonstration (Figure 23.12). Hormones 
from the endocrine cells either enter the blood or modulate other 
locally situated cells (paracrine effect). 


Figure 23.12 Endocrine cells in gastric antral glands. The 
granules are located between the nucleus and the basement 
membrane (immunostain for chromogranin). 


The EC cells and some of the ECL cells have argentaffin granules, 
which can be stained by Fontana, Masson, or the diazo technique. 
Other cells are argyrophilic but not argentaffinic and may be 
stained by the Grimelius technique (17). Silver stains have now 
been replaced by more sensitive immunologic techniques 
(synaptophysin and chromogranin) (18). Individual hormones, for 
example gastrin and somatostatin, may be demonstrated by 
specific antibodies. In addition to the presence of hormones in 
epithelial cells, some hormones also are found in neurons and 
nerve endings present in the stomach wall and mucosa. It is 
generally believed that vasoactive intestinal peptide is 
predominant in neural tissue and that catecholamines, bombesin, 
substance P, enkephalins, and possibly gastrin are also found at 
these sites. When hyperplasia of G cells occurs, it is generally 
linear. Overgrowth of ECL cells in the fundic mucosa occurs 
secondary to hypergastrinemia, arising as a consequence of 
pernicious anemia. This has been divided into five growth 
patterns: pseudohyperplasia, hyperplasia, dysplasia, 
microinfiltration, and neoplasia (19). 


Lamina Propria 


The epithelial cells of the surface, foveolae, and glands all rest on 
a basement membrane, which is similar to that seen elsewhere in 
the intestinal tract. Within the mucosa is a well-developed lamina 
propria that provides structural support, consisting of a fine 
meshwork of reticulin with occasional collagen and elastic fibers 
that are condensed underneath the basement membrane (Figure 
23.13). The lamina propria is more abundant in the superficial 
portion of the mucosa between the pits, especially in the pyloric 
mucosa. It contains numerous cell types, including fibroblasts, 
histiocytes, plasma cells, and lymphocytes. It is also normal to 
find occasional polymorphs and mast cells. As mentioned, the 
lamina propria also contains capillaries, arterioles, and 
nonmyelinated nerve fibers. A few fibers of smooth muscle extend 


upward from the muscularis mucosa into the lamina propria, 
occasionally reaching the superficial portion of the mucosa, 
especially in the distal antrum. 


The lymphoid tissue of the stomach has not been studied as 
extensively as that of the small bowel. The isolated lymphocytes 
and plasma cells in the lamina propria are predominantly of B-cell 
lineage and IgA secreting. Intraepithelial lymphocytes are present 
in the stomach but are much less frequent than in the small bowel. 
They are commonly surrounded by a clear halo, which represents a 
formalin fixation artifact. These lymphocytes, as well as small 
numbers of lamina propria lymphocytes, are of T-cell origin. 


Recently it has been shown that small numbers of primary 
lymphoid follicles (aggregates of small lymphocytes) can be found 
in the normal stomach (20). However, secondary lymphoid follicles 
(follicles with germinal centers) are found only in gastritis, usually 
secondary to infection with Helicobacter pylori. 


Submucosa 


The submucosa is located between the muscularis mucosae and 
the muscularis propria and also forms the cores of the gastric 
rugae. It consists of loose connective tissue, in which many elastic 
fibers are found. The autonomic nerve plexus of Meissner is found 
in the submucosa, as are plexuses of veins, arteries, and 
lymphatics. 
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Figure 23.13 Normal gastric fundic mucosa (reticulin). 


Muscular Components 


In classical anatomy texts (21,22), the main muscle mass of the 
stomach is referred to as the muscularis externa. In North 
America, however, the alternative name, muscularis propria, is 
widely used and preferred. This is because the term muscularis 
externa is ambiguous, and it is sometimes not clear whether it 
refers to the whole of the main muscle mass or only its external 
layer. 


Three layers of fibers can be recognized in the muscularis propria: 


outer longitudinal, inner circular, and innermost oblique. The 

external fibers are continuous with the longitudinal muscle of the 
esophagus. The inner circular layer is aggregated into a definite 
sphincter mass at the pylorus, where it is sharply separated from 


the circular fibers of the duodenum by a connective tissue septum. 


The oblique muscular fibers are an incomplete layer present 
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interior to the circular fibers and are most obvious in the cardiac 
area. Evidence for the presence of a circular sphincter at the 
cardia is controversial (23). Histologic examination is not 
conclusive; and, although radiologic techniques show arrest of 
swallowed food at this level, this may be due to external 
compression from the adjacent crura of the diaphragm. 


The muscularis mucosae consist of two layers, the inner circular 
and outer longitudinal, together with some elastic fibers. Thin 
bundles of smooth muscle also penetrate into the lamina propria, 
where they terminate in the basement membrane of the 
epithelium. This is most obvious in the antral area. 


Figure 23.14 Ultrastructural appearances of the parietal cell 
canaliculus (C). Note the fingerlike microvilli (MV) and the 
microtubular invaginations (MT). (Original magnifications: left, 
A] SOOO right, Ã—41,000.) 


Ultrastructure 


The surface and foveolar lining epithelial cells are ultrastructurally 
similar. They are characterized by multiple, rounded, electron- 
dense mucous vacuoles in the superficial cytoplasm and stubby 
microvilli projecting from the luminal surface. The basal cytoplasm 
contains moderate amounts of rough endoplasmic reticulum and 
some mitochondria. Adjacent epithelial cells are joined by tight 
junctions (zona occludens) at their luminal aspect and by 
adherence junctions along the rest of the cell interfaces. These 
tight junctions are considered to play an important role in 
maintaining mucosal integrity and the gastric mucosal barrier. 


Parietal cells are unique ultrastructurally (Figure 23.14) (24). In 
the unstimulated state, the cytoplasm contains an apical crescent- 
shaped canaliculus lined by stubby microvilli (Figure 23.14). 
Between the microvilli are elongated membrane invaginations 
termed microtubules. Upon stimulation, the microtubules 
disappear, to be replaced by a dense meshwork of intracellular 
canaliculi (25). The canalicular system is considered essential for 
the formation of hydrochloric acid. This is achieved by active 
transport of hydrogen ions across the canalicular membrane. 
Because this process has high energy requirements, most of the 
remainder of the parietal cell cytoplasm is occupied by 
mitochondria. 


The zymogenic cells are similar to protein-secreting exocrine cells 
elsewhere in the body. They have rough-surfaced 
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vesicles in the superficial cytoplasm and abundant rough 
endoplasmic reticulum in the remainder of the cell. 


Gastric Function 


The function of the stomach is to act as a reservoir and mixer of 
food and to initiate the digestive process. Gastric secretion of acid, 


pepsin, and electrolytes is partly under nervous control by the 
vagus and partly under the control of gastrin, produced by G cells 
in the antrum. Gastrin release from the G cells may occur either as 
a result of distention of the antrum or by direct stimulation from 
ingested food, particularly amino acids and peptides. Hydrochloric 
acid is produced by the active transport of hydrogen ions across 
the cell membrane. High concentrations of hydrochloric acid are 
achieved so that most ingested microorganisms are killed and the 
contents of the stomach are normally sterile. 


Gastric mucus is secreted in two forms: a soluble fraction 
produced by the gastric glands and an insoluble form produced by 
the surface and foveolar lining cells. Biochemically, the mucus is a 
complex glycoprotein consisting of a protein core with branched 
carbohydrate side chains. Histochemically, gastric mucin is almost 
entirely neutral, although the mucous neck cells may secrete small 
amounts of sulfomucin and sialomucin (15). By 
immunohistochemistry, mucins MUC5AC and MUC6 are detected in 
the normal stomach (26). The exact physiologic role of gastric 
mucin is not determined. Clearly, the soluble mucin plays a role in 
lubrication. The insoluble fraction acts as a surface layer, forming 
a barrier that, together with bicarbonate secreted by the 
Superficial epithelial cells, prevents back diffusion of acid and 
gastric autodigestion. The actual structural barrier is formed by 
the continuous layer of luminal mucosal cells and the tight 
junctions between adjacent cells. This process is likely modulated 
by prostaglandins which promote mucosal blood flow. 


Special Techniques and Procedures 


Relatively few special techniques are applicable to routine 
diagnosis. Mucin stains are the most widely used, and the 
combined PAS/Alcian blue is the most versatile. This stains neutral 
mucin magenta, acid mucin light blue, and combinations purple. 
The combined stain is preferred over a straight PAS because the 


mucus in some gastric carcinomas is PAS-negative. A mucicarmine 
stain is not recommended because it does not permit identification 
of the mucin type and is also negative with some types of acid 
mucin. Sialomucin and sulphomucin may be distinguished by a 
combined high iron diamine and Alcian blue stain, which stains 
Sulphomucin black and sialomucin light blue. At the present time, 
however, this distinction is of limited diagnostic utility. 


Usually there is no difficulty in distinguishing zymogenic and 
parietal cells on a good H&E stain (Figure 23.10). If necessary, 
special stains, such as a Maxwell stain (27), can aid this 
distinction. Parietal cells can be recognized and quantified by use 
of a human milk fat globulin antibody (28). 


At the present time, the use of cytokeratin 7 and cytokeratin 20 
immunostains to distinguish gastric cardiac mucosa from the 
mucosa of Barrett's esophagus is controversial. Different results 
have been obtained by different observers, so this methodology 
cannot be recommended for routine use (13). 


Age Changes 


Many older adults have a reduced gastric acid output. 
Histologically, this is characterized by a reduction in the area of 
fundic mucosa with expansion of the zone of pyloric mucosa. This 
results in proximal displacement of the pylorofundic junction, a 
change termed pyloric (or pseudopyloric) metaplasia. Recently it 
has become recognized that hypochlorhydria of the elderly is not 
simply the result of aging but is secondary to chronic gastritis 
(29). 


Artifacts 


A variety of artifacts may occur in gastric biopsy specimens 
(Figure 23.15). Most of these artifacts relate to rough handling of 
the specimen, either at the time the biopsy sample is taken or 


when it is removed from the forceps. Crushing is common and can 
result in compression of the lamina propria, leading to a false 
impression of an inflammatory infiltrate. Crush artifact also 
produces telescoping of the foveolar lining cells. Stretching of the 
mucosa results in separation of the pits and glands, leading to the 
impression of edema. Hemorrhage into the lamina propria is also 
common in gastric biopsy samples and has to be distinguished 
from hemorrhagic gastritis. This can be difficult in small biopsy 
samples, but usually the microscopic appearances of hemorrhagic 
gastritis are characteristic. They include superficial epithelial 
damage and erosions. 


Differential Diagnosis 


One of the problems for pathologists examining gastric biopsy 
Samples is determining whether the specimen is normal or shows 
minor degrees of gastritis. It is therefore 

P.598 
appropriate to review briefly certain aspects of the classification 
and diagnosis. Specific types of gastritis, for example, acute 
hemorrhagic gastritis or granulomatous gastritis, are usually so 
distinct that confusion with a normal stomach is unlikely (30). On 
the other hand, Helicobacter pylori gastritis may be patchy and 
may be associated with atrophy. In the early stage of H. pylori 
gastritis (chronic superficial gastritis), an infiltrate of inflammatory 
cells is observed in the superficial portion of the mucosa, 
particularly in the lamina propria between the gastric pits (Figure 
23.16). Later, the inflammation spreads deeply to involve the 
whole thickness of the mucosa and is accompanied by atrophy of 
gastric glands (chronic atrophic gastritis). Ultimately, the 
inflammation may burn itself out and all glands are destroyed, 
leaving only a thinned mucosa containing foveolar structures 
(gastric atrophy) (30). 


Figure 23.15 Biopsy artifacts: crushing, producing an 
apparent lamina propria infiltrate (A); crushing, resulting in 
displacement (telescoping) of cells into pit lumen (B); biopsy- 
induced hemorrhage (C); and stretching, producing an 
appearance of superficial edema (D). 


The superficial gastric lamina propria normally contains some 
chronic inflammatory cells. It is often a matter of judgment 
whether these are considered normal or increased in number 
because there is no simple satisfactory method of objective 
measurement. In actual practice, it may be even more difficult to 
evaluate these cells because the gastric biopsy samples obtained 
by endoscopists are frequently distorted by crushing or stretching. 
In assessing possible minor 
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degrees of inflammation, therefore, study should also be made of 
the superficial and foveolar lining epithelium, where a number of 


useful diagnostic features may be identified, depending on the 
degree of activity of the inflammation. The earliest changes seen 
are a reduction in the mucin content of the cytoplasm, an increase 
in nuclear size, and the presence of one or more prominent 
nucleoli (Figure 23.17). At the base of the foveolae, there may be 
increased numbers of mitoses, reflecting a more rapid cell 
turnover. These findings are features of epithelial damage and 
regeneration and are common to all forms of gastritis and to 
reactive gastropathy (chemical gastritis). In severe active H. 
pylori-related inflammation, the epithelium and the lamina propria 
are infiltrated by acute inflammatory cells (Figure 23.18) and 
organisms may be seen on the mucosal surface (Figure 23.19). 
Optimum recognition of organisms is enhanced by using special 
stains (Giemsa, methylene blue, immunohistochemical stains). 


Figure 23.16 Mild chronic superficial gastritis with chronic 
inflammatory cells present in the superficial lamina propria in 
excess of normal. This is a borderline biopsy sample and 
illustrates the least number of cells acceptable for a diagnosis 
of gastritis. 


Figure 23.17 Gastritis showing cytoplasmic mucin loss with 
enlarged nuclei that contain prominent nucleoli. 


Figure 23.18 Gastric pits infiltrated by neutrophils in a case 
of Helicobacter pylori gastritis. 


Where gastritis has been present for some time, there may be 
atrophy of the mucosal glands, which can be accompanied by an 
increase in inflammatory cells in the deeper layers of the mucosa. 
On an H&E section, this is seen as a separation of the glands with 
increased intervening lamina propria. However, minor degrees of 
atrophy may be difficult to distinguish, particularly if there is 
biopsy artifact. In these instances, a reticulin stain can be useful 
in confirming atrophy by demonstrating coarse condensation of 
fibers in the lamina propria (Figure 23.20). 


Reactive gastropathy occurs when there is increased exfoliation of 
cells from the mucosal surface. Chemical agents, especially 
refluxed bile and nonsteroidal anti-inflammatory drugs, are 
common causes. The gastric surface and foveolar epitheium show 
regenerative changes as described above, but the mucosa is not 
infltrated by inflammatory cells. The more severe examples of 
reactive gastropathy may be characterized by a a€cecork 
screwa€* appearance of the foveolae. 


Figure 23.19 Helicobacter pylori organisms present in the 
mucous layer on the gastric mucosal surface. 


Figure 23.20 Coarse condensation of mucosal fibers in 
atrophic gastritis (reticulin). 


Metaplasia 


There are two major types of metaplasia that are seen in the 
stomach: intestinal metaplasia (IM) and pyloric (pseudopyloric) 
metaplasia. Both are thought to be the result of chronic gastritis, 
and consequently both are more frequently encountered in elderly 
individuals; neither type is considered symptomatic. 


In pyloric metaplasia, there is a replacement of the specialized 
acid- and enzyme-secreting cells of the fundic glands by mucus- 
secreting glands of the type present in normal pyloric mucosa. 
This change occurs in the zone of fundic mucosa adjacent to the 
histologic fundopyloric junction, and what were typical fundic 
glands now come to resemble typical pyloric glands. Therefore, in 
persons with extensive pyloric metaplasia, the fundic gland area of 
the stomach contracts, the pyloric gland area expands, and the 
junctional zone is moved proximally toward the cardia (30). Unless 
the site of biopsy is known with accuracy, pyloric metaplasia 
cannot be diagnosed on routine H&E sections. However, although 
the fundic glands lose zymogenic and parietal cells, they still 
retain pepsinogen | activity. This can be demonstrated by 
immunohistochemical methods (31). 


In IM, there is a change in the cells of the surface and pit 
epithelium so that morphologically and histochemically they come 
to resemble the cells of either the small or large bowel; IM may be 
complete (type |) or incomplete (type II) (32,33). In complete 
small bowel IM, the gastric mucosa changes to resemble normal 
small bowel epithelium, characterized by fully developed goblet 
cells and enterocytes with a brush border (Figure 23.21). In 
advanced cases, the contour of the mucosa changes with the 
development of villi and crypts. Paneth's cells may be present in 
the base of the crypts. In incomplete metaplasia, recognizable 
absorptive cells are not seen. The epithelium consists of a mixture 
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of intestinal-type goblet cells and columnar mucus-secreting cells, 
morphologically resembling those of the normal gastric epithelium. 


Figure 23.21 Complete intestinal metaplasia (IM). 


Histochemical changes detected in the mucus production of the 
various types of IM are interesting and complex (15,32). In the 
normal stomach, mucus secreted by the columnar cells is neutral 
in type, recognized histochemically as PAS-positive and Alcian 
blue-negative. In complete IM, the enterocyte cytoplasm, apart 
from the brush border, is mucin-negative, but the goblet cells 
secrete either sialomucin (an acid mucin that is PAS-positive, 
Alcian blue-positive at pH 2.5 but Alcian blue-negative at pH 0.5) 
or sulfomucin (a strongly acidic mucin that is weakly PAS-positive 
and Alcian blue-positive at pH 2.5 and at pH 0.5) (Figure 23.22). 
In incomplete small bowel metaplasia, sialomucin is present in the 
columnar cells; and, in incomplete large bowel metaplasia (also 
called type III metaplasia) (34), the columnar cells contain 
sulfomucin (Figure 23.23). Sulfomucin may be recognized 
separately from sialomucin because it stains positively with high 


iron diamine (33). The details of 
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these methods are well described in standard textbooks of 
histochemistry (34). 


Figure 23.22 Complete intestinal metaplasia (PAS/Alcian 
blue). 


Figure 23.23 Incomplete large bowel metaplasia. The pit 
contains columnar cells with cytoplasmic sulphomucin (high 
iron diamine and Alcian blue). 


Minor degrees of gastric IM are relatively common in persons in 
North America and elsewhere. The variants described above rarely 
exist aS a pure entity, and mixtures of the various types within the 
Same gastric foveola are encountered frequently. However, IM 
should never be considered normal and almost always reflects 
some degree of gastric damage, usually from chronic gastritis. 


Less commonly encountered forms of metaplasia include 
subnuclear vacuolation (35) and ciliated metaplasia (36). These 
changes all involve the pyloric mucus glands. Subnuclear 
vacuolation is not strictly a metaplastic change because it does not 
simulate the appearance of any other type of normal cells and 
probably represents a degenerative change secondary to gastritis 
or duodenal reflux. The vacuoles are clear on H&E sections and 
indent the nucleus. Ultrastructurally, they consist of a membrane- 
lined space derived either from endoplasmic reticulum or Golgi and 
probably contain nonglycoconjugated mucus core protein (37). 


Ciliated cells are found at the base of antral glands where there is 
superficial IM (36). The cause and significance of this change is 
not known. 


Pancreatic acinar metaplasia (38) may be present in up to 1.2% of 
gastric biopsy samples or 13% of gastrectomy specimens. The 
cells, which are indistinguishable from normal acinar cells, also 
produce lipase and trypsinogen. Seventy-five percent of cases are 
positive for amylase. Cells are present in nests and variably sized 
lobules scattered among the cardiac and fundic mucosae. 


Specimen Handling 


Gastric mucosa is delicate and should be handled with care. Tissue 
should be gently removed from the biopsy forceps and oriented 
before being placed flat on a Supportive mesh, such as filter paper 
or gelfoam. A variety of fixatives are suitable, depending on 
personal preferences, although routine formalin is suitable for 
most purposes. Sections are cut in ribbons, usually at two or three 
levels. 


For the best results, it is Suggested that gastrectomy specimens 
be opened and pinned out on a cork board or wax platform before 
being immersed in formalin and fixed overnight. If sections are 
taken directly from a fresh specimen, they almost invariably curl 
up, resulting in irregular orientation of the final slide. 
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Small Intestine 


Terry L. Gramlich 
Robert E. Petras 


Gross Anatomy and Surgical 
Perspective 


The small intestine, located within the abdominal cavity, is a 
multiply coiled tubular organ that extends from the gastric pylorus 
to the junction of the cecum and ascending colon. Its average 
length in the human adult is 6 to 7 m (1). Three 

subdivisionsâ€”the duodenum, jejunum, and ileumâ€”are defined 
and characterized by various anatomic relationships. The 
duodenum is the most proximal portion of the small intestine; it 
measures about 12 inches (20â€“25 cm) in length and extends 
from the pylorus to the duodenojejunal flexure. The duodenum, 
excluding the most proximal several centimeters, is a fixed, 
retroperitoneal structure that forms a C- or U-shape around the 
head of the pancreas (2). Four subdivisions of the duodenum have 
been described: (a) the first portion, also known as the duodenal 
cap or bulb, is the most proximal and superior segment; (b) the 
descending or second portion, into which the common bile duct 
and major and minor pancreatic ducts empty into their respective 


papillae; (c) the horizontal or third portion; and (d) the ascending 
or fourth portion, which veers forward at the level of the second 
lumbar vertebra, just left of midline, to become continuous with 
the remainder of the small bowel (1,2). 


The origin of the jejunum is marked by a strip of fibromuscular 
tissue, the so-called ligament of Treitz, which anchors the terminal 
duodenum and duodenojejunal flexure to the posterior abdominal 
wall (3). Distal to the ligament of Treitz, the remainder of the 
small bowel is arbitrarily subdivided into the jejunum (the 
proximal two-fifths) and the ileum (the distal three-fifths, 
terminating at the ileocecal junction within the right iliac fossa) 
(1). 


Although a discrete point demarcating jejunum from ileum does 
not exist, several relatively distinctive features become gradually 
more apparent from proximal to distal; these features help 
surgeons isolate specific segments of the small bowel. For 
example, the proximal jejunum has a thicker wall 
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and is about twice the diameter of distal ileum. In addition, jejunal 
segments have more prominent permanent circular folds (plicae 
circulares) that can be palpated externally at surgery (1,4). The 
quantity of mesenteric adipose tissue is greater in the ileum, thus 
imparting a dense opaque appearance that contrasts with the less 
fatty, translucent mesentery of the jejunum (4). Finally, most of 
the jejunum lies within the upper abdominal cavity, whereas most 
of the ileum lies within the lower abdominal cavity and pelvis. 


The arterial vascular supply of the small bowel originates from two 
major aortic axes: the celiac and superior mesenteric trunks (5). 
The duodenum is supplied by branches and interanastomosing 
arcades of both trunks, and its blood supply is intimately 
associated with that of the pancreatic head (1). The jejunum and 
ileum receive their blood from more distal branches of the superior 
mesenteric artery (5). The lymphatic and venous drainage systems 


follow the arterial supply and flow into regional lymphatics and 
lymph nodes or the portal venous system, respectively. 


Sympathetic neural input to the small bowel is carried by the 
celiac and superior mesenteric plexuses, whereas the 
parasympathetic supply is derived from distal branches of the 
vagus nerve; these both closely follow the arterial paths into the 
bowel wall. 


Physiology 


The small intestine has several functional roles, the most 
important of which is the processing and absorption of ingested 
nutrients. Pancreatic enzymes act on the larger ingested 
carbohydrates and proteins to produce more appropriately sized 
molecules for further digestion. The brush border created by the 
numerous apical microvilli on absorptive epithelial cells offers an 
array of peptidases and carbohydrases, which act as key enzymes 
in additional nutrient breakdown and processing (6). The resulting 
smaller molecules are subsequently absorbed across the epithelial 
layer, and most pass into the portal venous system for eventual 
systemic distribution. 


Fat digestion differs somewhat in that pancreatic lipase and bile 
act intraluminally to create free fatty acids and monoglycerides 
that migrate via direct diffusion through the lipid-soluble plasma 
membrane of enterocytes without surface processing or active 
transport (7). Most undergo intracytoplasmic resynthesis with 
directed packaging into chylomicrons and are released into 
regional lymphatic vessels. Water and electrolytes, vitamins, 
minerals, and various drugs also are absorbed at points along the 
mucosa of the small bowel. Therefore, the structural integrity of 
this viscus is critical to the maintenance of nutritional status, as 
well as in appropriate drug handling. 


The small intestine also functions to propel and segmentally mix 


both newly accepted gastric contents and the residual material left 
after initial digestive efforts. Although a number of factors 
influence gut motility, the most basic contractile activity is 
initiated at the level of the individual smooth muscle cells within 
the wall (8). Important functional differences exist, based on 
whether an individual is feeding or fasting. With feeding, a 
distended bowel segment initiates peristalsis, a forward propulsive 
motion that is mediated through the enteric nervous system; the 
intrinsic neurons of the myenteric plexus of Auerbach are most 
important in this regard (8,9). In contrast, during fasting or 
between meals, a slow yet continually recurring set of contractions 
attempts to clear the enteric lumen of any residual debris. The 
hormone motilin is believed to be important in the generation of 
these migratory motor complexes (9). Other endocrine influences, 
as well as the autonomic and central nervous systems, play a 
modulatory role in these intrinsic activities. 


Advances in the burgeoning field of endocrine gut physiology and 
immunohistology have disclosed a variety of hormones within 
individual cells lining the small intestinal mucosa (10). Although 
the precise physiologic role of most of these cells and their 
secretory products remains to be determined, some are thought to 
exert a modulatory effect on gut motility or to influence the 
function of nearby epithelial cells (9,11). 


The gut in general and the small bowel in particular have a crucial 
function in mucosal immunity. The mucosa/gut-associated 
lymphoid tissues, which are discussed in detail later in this 
chapter, are important in the local defense against mucosally 
encountered microorganisms and generate the initial immunologic 
responses to these various agents (12). Additionally, these tissues 
are the breeding ground for various reactive and neoplastic 
pathologic conditions. 


Histology 


Although regional histologic differences exist within the small 
intestine, the general microscopic structure is similar throughout 
its length. The wall of the small bowel can be divided into four 
basic layers: mucosa, submucosa, muscularis externa or propria, 
and serosa. 


Mucosa 


Mucosal Architecture and Design 


Because the principal function of the small intestine is absorption 
of ingested nutrients, the mucosa, which is the layer in contact 
with luminal contents, is specifically designed for this purpose. 
Several architectural adaptations augment the otherwise limited 
surface area of the small intestine (13). One of these, the grossly 
evident permanent circular folds (plicae circulares), courses 
perpendicular to the longitudinal axis of the bowel (13,14) (Figure 
24.1). These mucosa-covered folds contain submucosal cores and 
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traverse nearly the entire circumference of the bowel lumen before 
overlapping with adjacent permanent folds. In addition to 
enhancing surface area, they act as partial barriers that attenuate 
the forward flow of intraluminal contents, thus increasing the time 
of contact with absorptive surfaces. 


Figure 24.1 A single plica, or permanent circular fold, with its 
submucosal core and mucosal surface. The absorptive surface 
area is further augmented by intraluminal mucosal projections 
(villi). 


The mucosa is composed of an epithelial component, a lamina 
propria, and a muscularis mucosae. The surface epithelium and 
lamina propria form intraluminal projections called villi. These 
microscopic fingerlike and leaflike projections cover the entire 
luminal surface of the small bowel and are the most important 
morphologic modification responsible for enhancing surface area 
(13,15,16) (Figures 24.2,24.3). Each villous surface is covered by 
a single layer of epithelium consisting of various cell types. 
Beneath this epithelial layer lies a core of lamina propria that 
contains a centrally located, blind-ended lymphatic channel 
(lacteal), an arteriovenous capillary network, and an abundant 
migratory cell population (17,18,19) (Figure 24.4). 


Figure 24.2 Scanning electron micrograph of small intestinal 
mucosa discloses the fingerlike and leaflike appearance of villi. 
Fingerlike villi predominate in the more distal segments of 
small bowel (jejunum and ileum), whereas leaflike villi are 
more common in the duodenum. Mixed populations, as in this 
micrograph, are considered normal. 


In the intervening regions and beneath the villi lie the crypts of 
LieberkAYahn. These tubular intestinal glands open between the 
villi and extend down to the muscularis mucosae (Figure 24.3). 
The crypts are depressions of the surface epithelium, whereas the 
villi are extensions above it. However, these mucosal 
compartments are contiguous in that the lamina propria forming 
the villous cores also surrounds the crypts. The ratio of villous 
length to crypt length in normal small bowel varies from about 3:1 
to 5:1 (13) (Figure 24.3). The crypts and surrounding lamina 
propria lie upon the muscularis mucosae, a thin fibromuscular 
layer that separates the mucosa from the underlying submucosa. 


Mucosal Components and Their 
Composition 


Epithelium 


The mucosal epithelium is divided into the villous and crypt 
compartments. Although similar in appearance, the cell types 
differ somewhat, and their basic functions are distinct. Common to 
both, however, is a basic polarity of cellular organization, with 
nuclei aligned side by side, typically in a basal location within each 
cell. 


Figure 24.3 Normal jejunal villi. These villi are long and 
slender mucosal projections with a core of lamina propria 
covered by a luminal epithelial layer. A single row of intestinal 
glands (crypts) is found at the base of the mucosa. These 
crypts lie between adjacent villi and are surrounded by the 
same lamina propria that forms the villous cores. 
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Villous Epithelium. 


The absorptive cell is the major villous epithelial cell type 
encountered. It is tall, columnar, with a basally situated round-to- 
oval nucleus and an eosinophilic cytoplasm (Figure 24.5). The 
apical surface contains a brush border that appears densely 
eosinophilic, stains positive with periodic acid-Schiff (PAS), and is 
composed of microvilli and the glycocalyx, or fuzzy coat (Figures 
24.5,24.6). Microvilli, which are best seen on ultrastructural 
examination, are evenly spaced surface projections that also 
augment the mucosal surface area of the small intestine (20) 
(Figure 24.7). Multiple filamentous structures emanating from and 
contiguous with their surface comprise the glycocalyx (17). The 
microvillous membranea€“glycocalyx complex houses important 
enzymesa€”peptidases and  disaccharidasesa€”that function in 
terminal digestive processes. This layer probably also acts as a 
barrier to microorganisms and other foreign matter (21). 
Components forming the glycocalyx are continually 
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synthesized within the absorptive cell and transported to the 
surface to replace the preexisting coat in a dynamic fashion 
(17,21,22). Although its functional capacities are uncertain, 
absence of the glycocalyx of the small bowel mucosa was the sole 
detectable histologic abnormality found in some children with 
allergic enteropathy (i.e., cow's milk allergy) (21). 


Figure 24.4 The duodenal villous surface is covered by a 
single layer of tall columnar epithelial cells. The underlying 
lamina propria core contains lymphoid and plasma cells and a 
connective tissue framework, including a lymphatic vessel 
(lacteal) and a subepithelial capillary network. 
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Figure 24.5 High-magnification view of a jejunal villi 
disclosing the general features of villous morphology. Both 
columnar absorptive cells and goblet cells (with apical clear 
vacuole) cover the villous surfaces; each cell type has a 
basally situated oval-to-round nucleus. Microvilli (brush 
border) are seen extending from the columnar absorptive cell 
surface. Note the intraepithelial lymphocytes scattered among 
and between the epithelial cells. 
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Figure 24.6 Periodic acid-Schiff (PAS) stain highlights the 
microvillous membraneâ€“glycocalyx complex along the apical 
surface of the absorptive cells. The thin subepithelial 
basement membrane that separates the lamina propria from 
the epithelial compartment also stains with PAS but to a lesser 
degree. The neutral subgroup of mucins contained within the 
goblet cells are PAS-positive as well. 


Figure 24.7 Transmission electron micrograph of microvilli 
emanating from the absorptive columnar cell surfaces. The 
glycocalyx component is the filamentous layer overlying the 
microvilli, but most of this has been artifactually removed 

during processing. 


Interspersed among the absorptive cells are goblet cells, which 
have a characteristic apical mucin droplet and an attenuated, 
basally situated, bland nucleus (Figure 24.5). They contain both 
neutral and acid mucin and function as secretory cells, sustaining 
a moist viscid environment within the lumen (20). In a combined 
Alcian blue/PAS stain, the droplets appear blue-purple (Figure 
24.8). The acid mucins of the small intestine are primarily 
Sialomucins, in contrast to the colonic goblet cell, which contains 
predominantly acid sulfomucins (23,24). The number of goblet 
cells increases with distal progression along the small bowel (20). 


Scattered endocrine cells are present within the villous epithelium, 
but they are more abundant within the crypts. Intraepithelial 
lymphocytes are scattered among and lie between individual 
epithelial cells, usually just above the basement membrane; 
normally there is about one lymphocyte for every five epithelial 
cells (25,26) (Figure 24.5). Intraepithelial lymphocytes mark as T 
cells (Figure 24.9), and most are of the T-suppressor/cytotoxic 
(CD8-positive) variety (27,28,29). An increase in the number of 
intraepithelial lymphocytes is characteristic of several disorders, 
including gluten-sensitive enteropathy (celiac sprue), tropical 
sprue, and giardiasis (30,31). 


Crypt Epithelium. 


The crypt epithelium primarily functions in epithelial cell renewal 
(20); and, as a consequence of this regenerative function, mitoses 
are seen frequently within the crypts (normal range: la€“12 
mitoses/crypt) (32). Goblet cells and columnar cells, some of 
which are undifferentiated or stem cells, are conspicuous. The four 
major epithelial cell types of the mucosa (absorptive, goblet, 
endocrine, and Paneth's cells) arise from this stem cell (33). 
Differentiation and maturation occur in about five to six days as 
the cells migrate from the crypt depths to the villous tips, where 
they are subsequently sloughed into the lumen (20,33); however, 
the Paneth's cell remains within the crypt base (34). It is thought 
that apoptosis probably functions as a regulator of cell migration 
toward the villous surface; however, it is not certain whether this 
form of programmed cell death is responsible for epithelial cell 
sloughing from the villous tip (35). Morphologically, cells 
undergoing apoptosis show nuclear condensation and cell 
shrinkage with subsequent detachment from adjacent epithelium. 
In addition, 
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the cell disintegrates into so-called apoptotic bodies and is 
phagocytosed by local histiocytes (35). 


Figure 24.8 Alcian blue/PAS combination stain showing 
characteristic blue-purple apical mucin droplet of intestinal 
goblet cells. The heterogeneous composition (neutral and acid 
mucins) allows both stains to be incorporated into the droplet, 
imparting this distinctive color. 


Endocrine cells are relatively abundant in the crypts, occurring as 
single cells or in discontinuous groupings along the intestinal tract 
(10). They are of two morphologic types. The a€ceopena€* type 
have a pyramidal shape that tapers toward the glandular lumen 
with which they communicate, whereas a€oecloseda€* cells are 
spindle-shaped and have no luminal connection (10). The former 
are the most frequent type found in the small bowel. Some 
endocrine cells disclose eosinophilic basal (infranuclear) granules 
on hematoxylin and eosin (H&E) staining so that they are easily 


identified on routine preparations (Figure 24.10); however, not all 
enteroendocrine cells have such a quality, and their identification 
remains elusive unless special methods are used. Silver 
(argyrophilic, argentaffinic) preparations or  immunocytochemical 
techniques are useful for visualization in these cases. The 
disadvantage of silver stains is that no information can be gleaned 
with respect to endocrine cell type or hormonal composition, and 
some cells do not reduce silver preparations (10). 
Immunocytochemistry is, therefore, the best method for definitive 
evaluation. Antibody preparations to chromogranin and neuron- 
specific enolase have been shown to be useful nonspecific markers 
for endocrine cells (36) (Figure 24.11). Precise identification of 
endocrine chemical content requires specific monoclonal or 
polyclonal antibody preparations. Although most often used in 
experimental settings, specific hormonal content immunostaining 
also may have diagnostic value in studying neuroendocrine tumors 
(37). Electron microscopy 


also can be used to identify cytoplasmic neurosecretory granules. 
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Figure 24.9 Small intestinal mucosa immunostained for 
UCHL1 (CD45 RO), a pana€“T-lymphocyte marker. The positive 
red-brown reaction highlights both the intraepithelial and 
lamina propria T cells. Although CD8-positive T- 
Suppressor/cytotoxic lymphocytes predominate within the 
epithelium, lamina propria T cells usually mark for CD4, the T- 
helper/inducer subset. 


Figure 24.10 A single crypt surrounded by normal cellular 
lamina propria with abundant migratory cells. Both absorptive 
columnar and goblet cells are seen lining the crypt. In 
addition, an endocrine cell (infranuclear eosinophilic granules) 
and several Paneth's cells (Supranuclear granules) are clearly 
evident. 


Figure 24.11 Immunostain for chromogranin shows numerous 
endocrine cells within the crypts and several scattered along 
the villous surface. 


At least 16 distinct types of endocrine cell have been described 
along the gut (38) and have a characteristic regional distribution 
and composition. Individual cells containing cholecystokinin, 
secretin, gastric inhibitory polypeptide, and motilin populate more 
proximal segments of the small bowel, whereas enteroglucagon-, 
substance Pa€“, and neurotensin-storing cells are seen in greater 
frequency in the ileum (38,39). Serotonin- and somatostatin- 
containing cells are not as regionalized and are found throughout 
the gastrointestinal tract (38). Some of these endocrine cells are 


known to play key roles in daily gastrointestinal activity. For 
example, secretin and cholecystokinin are released in response to 
various foodstuffs and modulate pancreatic secretion and 
gallbladder function, respectively (39). Most other gut endocrine 
cells are still of uncertain or unknown physiologic significance 
(11,39). 


The Paneth's cells, normally found only in the crypt, comprise 
most of the base of individual crypts throughout the entire small 
intestine (40). They also are encountered to a lesser degree in the 
appendix, cecum, and ascending colon (41). Paneth's cells have a 
pyramidal shape with their apices pointing toward the lumen. Their 
cytoplasm contains characteristic supranuclear, intensely 
eosinophilic granules that are easily visualized in H&Eâ€“stained 
sections (Figure 24.10). Interestingly, fixatives containing picric 
acid (e.g., Hollande's, Bouin's) mask the eosinophilic staining of 
these granules, often disclosing only unstained cytoplasmic 
vacuoles (40) (Figure 24.12). Their round nuclei often contain a 
prominent nucleolus (20,29). The exact function of Paneth's cells 
is still uncertain, but they are known to contain lysozyme, 
defensins (Figure 24.13), and immunoglobulin, and they are 
capable of phagocytic activity. 
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These features suggest that they play a role in regulating the 
intestinal microbial flora (41,42,43). 


Figure 24.12 Although Hollande's and other picric 
acida€“containing fixatives are superior preservers of 
cytomorphologic detail, the characteristic supranuclear 
eosinophilic granules of Paneth's cells are not as easily 
visualized when compared with the appearance in 4% 
formaldehyde solution (see Figure 24.10). Clear vacuoles 
replace the distinct eosinophilic granules within the Paneth's 
cells (along the crypt bases). Note that the single endocrine 
cell in this crypt maintains its infranuclear granular staining 
quality. 


Figure 24.13 I|mmunostain for defensin HD5 highlights 
Paneth's cells at the base of the crypts. 


The crypt epithelium also contains intraepithelial lymphocytes that 
are predominantly T-suppressor/cytotoxic (CD8-positive) cells 
(44). Other inflammatory cell types, such as the neutrophil or the 
plasma cell, are not normally present within either the crypt or 
villous epithelial compartments; their presence would indicate a 
pathologic state (31,45). 


Immunostaining Patterns of the Epithelium. 


Carcinoembryonic antigen (CEA) is present on the apical surfaces 
of cells covering the villi and lining the crypts, and it has been 
shown to localize to the glycocalyx surface component (46). 
Additionally, the mucin droplets of goblet cells contain an 
abundance of CEA and consequently mark intensely with polyclonal 
anti-CEA. However, no intracytoplasmic immunostaining for CEA is 


evident in the normal small bowel (46). 


Human leukocyte antigen (HLA)-DRa€“like antigens have been 
shown to be present in a scattered, focal distribution on the apices 
of small intestinal columnar-shaped cells (47). Immunostaining 
with antia€“HLA-DR discloses a diminishing intensity of reactivity 
from the villous surfaces to the crypt bases. Immune-related cells 
such as lymphocytes (mostly B cells) and macrophages along with 
the walls of capillaries in the lamina propria also show 
immunoreactivity for HLA-DR (47). 


Lamina Propria 


The lamina propria, the intermediate layer of the mucosa, 
functions both structurally and immunologically. It rests upon the 
muscularis mucosae, surrounds the crypts, and extends upward as 
the cores of the intestinal villi. The crypt epithelium and villous 
epithelium rest upon the lamina propria and are separated from it 
by a distinct basement membrane recognized as a slender 
eosinophilic, PAS-positive band at their interface (Figures 
24.4,24.5,24.6). This subepithelial basement membrane is a 
continuous structure composed of an ultrastructurally apparent 
basal lamina and a deeper network of collagenous/reticular fibers 
and ground substance (17). Interweaving collagen bundles and 
other connective tissue fibers, fibroblasts, mature fibrocytes, and 
smooth muscle cells comprise the framework of the lamina propria 
(45), whereas blood capillaries, lymphatics, and nerves course 
through this layer on their various routes to and from all portions 
of the bowel wall. 


The most conspicuous feature of the lamina propria is its abundant 
immunocompetent and migratory cell component (Figures 24.10, 
24.12). Five types of immunocompetent or inflammatory cells are 
normally encountered in the lamina propria: plasma cells, 
lymphocytes, eosinophils, histiocytes, and mast cells. Neutrophils 
are not usually encountered in the lamina propria, or for that 


matter anywhere in the small bowel wall, with the exception of 
those confined to vascular lumina. 


Plasma cells are the most abundant cellular lamina propria 
constituent; most contain cytoplasmic immunoglobulin (Ilg)A but 
some contain IgM (Figure 24.14). In contrast to extraintestinal 
sites (e.g., peripheral lymph nodes) (30,48), IgG-secreting plasma 
cells are scant. Lymphocytes, both B and T cells, are also common. 
The predominant subset of T cells within the lamina propria is the 
T-lymphocytes with the helper/inducer immunophenotype (CD4 
positive) (27,48,49) (Figure 24.9). Lymphocytes are found 
throughout the lamina propria but often form more dense 
infiltrates just above the muscularis mucosae (45). Moreover, 
lymphoid aggregates and nodules, many with germinal centers, 
are scattered along the small bowel and are found in increasing 
concentration distally. These lymphoid aggregates are based in the 
lamina propria, but they often extend to some degree into the 
underlying submucosa. 


Histiocytes or macrophages are also seen in the lamina propria but 
in fewer numbers than lymphocytes or plasma cells. Most are 
located along the superiormost aspect of the lamina propria near 
the tips of the villi (28). They function in T-cell regulation as 
antigen presenters and phagocytes (30). 
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Exaggerated expression of this latter function can be seen 
pathologically in disseminated Mycobacterium avium-intracellulare 
complex infection and in Whipple's disease, where the lamina 
propria becomes filled with macrophages engorged with 
microorganisms (30,50,51,52). 


ki 
ry 


Figure 24.14 Numerous IgA-containing plasma cells (red- 
brown cytoplasmic staining) within the lamina propria of 
normal small intestine, immunostained for Î+-heavy chain. 
Note that, in contrast to T cells (see Figure 24.9), the plasma 


cells localize to the lamina propria and are not normally found 
in the epithelium. 


The only granulocytes normally found in the lamina propria are 
eosinophils and mast cells. Eosinophilic leukocytes usually are 
conspicuous, but their role in the normal bowel is uncertain (53). 
The numbers of eosinophils in the lamina propria increase under 
various conditions, including those comprising the eosinophilic 
gastroenteropathies (54,55,56,57,58). Mast cells are relatively 


abundant in the small intestinal lamina propria, as compared with 
other body sites (30), but in absolute numbers appear to decrease 
with distal progression along the small bowel (59). Their function 
in the gastrointestinal tract in normal and disease states is 
unknown. Increased numbers of mast cells can be found in 
inflammatory bowel disease and in the specimens of some 
individuals with eosinophilic gastroenteropathy (57,60). According 
to some investigators, a specimen disclosing more than eight mast 
cells per high-magnification field should suggest the diagnosis of 
systemic mast cell disease (61). Mast cells can be seen on 
H&Ea€“stained sections, but they are more easily visualized with 
special techniques such as toluidine blue, sulfated Alcian blue, or 
Giemsa stains. Rarely, subepithelial (lamina propria) endocrine 
cells may be found in the small bowel; however, these are much 
more prominent in the vermiform appendix (62). Occasionally, in 
apparently healthy individuals and in certain disease states (e.g., 
Crohn's disease), ganglion cells are found in the lamina propria of 
the small bowel. These could potentially be confused with 
cytomegalovirus  infectiona€“induced cellular changes. 


Muscularis Mucosae 


The muscularis mucosae, which is the outermost layer or limit of 
the mucosa, is a slender band of tissue composed of elastic fibers 
and smooth muscle arranged in an outer longitudinal and inner 
circular layer (Figure 24.15). However, these layers are usually 
not well delineated on routine light microscopy. Tufts of smooth 
muscle radiate from the muscularis mucosae into the lamina 
propria and extend into the villi. The muscularis mucosae provides 
an important structural foundation for the mucosa, and its absence 
in some biopsy specimens can cause a loss of villous orientation, 
an artifact that may interfere with optimal evaluation (53). 


Submucosa 


Between the muscularis mucosae and muscularis externa is the 
submucosa, a loose, paucicellular layer composed of a regular, 
honeycomb-like arrangement (at the ultrastructural level) of 
collagenous and elastic fibers and related fibroblasts. The 
submucosa also may contain scattered, rather inconspicuous 
migratory cells (e.g., histiocytes, lymphoid and plasma cells, and 
mast cells) and adipose tissue (63). Its histologic appearance and 
principal role in maintaining the structural integrity of the small 
bowel are similar throughout the gastrointestinal tract (63). The 
submucosa is a major focus of vascular routing and related 
distribution of regional blood and lymphatic flow. Relatively large 
caliber arterioles, venules, and lymphatic vessels form extensive 
individual plexuses and networks within this layer (5,19) (Figure 
24.16). From this a€oevascular center,a€* numerous penetrating 
capillary vessels supply and drain most of the mucosa and 
muscularis externa (5,19). Lymphatic vessels may be distinguished 
from blood vessels by the thinner wall of the former and the lack 
of luminal erythrocytes. However, certain immunohistologic 
patterns and electron microscopic characteristics are more helpful 
for definitive identification (18,64,65). Specifically, the endothelial 
cells of blood capillaries immunostain for PAL-E and factor 
Villa€“related antigen, whereas lymphatic capillary endothelia 
typically lack these antigenic sites and remain unstained with such 
antibody preparations (64,65). In addition, blood capillaries as 
seen by ultrastructural analysis have a continuous basal lamina, 
endothelial fenestrations, and ensheathing pericytes. However, 
lymphatic capillaries have a discontinuous basal 
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lamina and lack both fenestrations and surrounding pericytes 
(17,18). Although small lymphatic vessels are a conspicuous 
submucosal component, prominent dilated lymphatic structures in 
this layer, as well as in the mucosa, can be seen in pathologic 
states such as intestinal lymphangiectasia or Crohn's disease 
(31,66). 


Figure 24.15 High-magnification photomicrograph disclosing 
inner circular and outer longitudinal smooth muscle bands of 
the muscularis mucosae; this layering is often inconspicuous 
on hematoxylin and eosin preparations, where the muscularis 
mucosae appears as a thin eosinophilic strip between the 
lamina propria and underlying submucosa (Masson's 
trichrome). 


Figure 24.16 Normal submucosa separated from overlying 
mucosa by the _ eosinophilic-staining muscularis mucosae. The 
submucosa is paucicellular, disclosing fibrocollagenous tissue 
and a prominent vascular component. Note the ganglion cells 
of Meissner's plexus just beneath the muscularis mucosae. 


Neural structures are also prominent in the submucosa. The 
submucosal Meissner's plexus forms one of the two major 
integrative centers of the enteric nervous system. It consists of a 
network of ganglia that interconnect through neural processes 
(67). The ganglia contain compact aggregates of neurons (ganglion 
cells) routinely identified on H&E preparations by their 
characteristic large oval shape, abundant pink cytoplasm, vesicular 
nucleus, and single prominent, often eosinophilic nucleolus (Figure 
24.16). Abundant S-100da€“positive Schwann cells, glial-like cells, 
and neural processes are also present in Meissner's plexus. The 
entire plexus, including the ganglia, contains no connective tissue 
elements or vascular structures in the normal state (67,68,69,70). 
The plexus is also normally devoid of inflammatory cells; 

therefore, if these are seen, an injury pattern specific to the 


neural plexus (such as an inflammatory neuropathy) should be 
considered, as long as primary inflammatory bowel disease can be 
excluded (69). Neural interconnections exist between Meissner's 
plexus and the myenteric plexus of Auerbach (discussed below), as 
well as with extrinsic (autonomic) neural processes. 


Figure 24.17 Masson's trichrome stain clearly delineates the 
inner circular (above) from the outer longitudinal (below) 
smooth muscle bands of the muscularis externa. The 
prominent muscular component (red) is partitioned into 
bundles of varying size by delicate collagenous fibers (blue). 
Note the ganglia of the myenteric plexus of Auerbach, 
characteristically located between the two muscle bands. 
Fibrous tissue is minimal within the muscularis externa and is 
also not normally part of the plexus. 


Muscularis Externa 


The muscularis externa (or muscularis propria) is the thick outer 


smooth muscle layer that surrounds the submucosa. It is covered 
externally by subserosal connective tissue and, in most places, by 
a serosa. Its two distinct muscular layers, oriented perpendicular 
to each other, are arranged as an outer longitudinally running 
muscle fiber layer and an inner circular muscle band (Figure 
24.17). Blood vessels, lymphatics, and nerves course through the 
muscularis externa and slender collagenous septa surround groups 
of smooth muscle cells, creating characteristic bundles and 
packets of muscle (Figure 24.17). However, fibrous tissue in this 
layer is minimal in the normal small bowel (69) so even slight 
fibrous alterations or collagen deposition may be significant. 
Moreover, the fact that only a few disease entities (including 
ischemia, irradiation, familial visceral 
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myopathy, scleroderma, and mycobacterial infection) are 
associated with fibrosis of the muscularis propria aids in narrowing 
a broad differential diagnosis (31). 


Figure 24.18 A single ganglion of the myenteric plexus of 
Auerbach located at the interface of the inner (above) and 
outer (below) smooth muscle layers of the muscularis externa. 


Ganglion cells (neuronal cell bodies) are evident and 
characterized by a polygonal shape, abundant pink cytoplasm, 
and an eccentric nucleus; spindled neural projections and 
Schwann cells are also intermixed. 


aa Rad y kee 
< = -a N MS s ` 
T Ra 


Figure 24.19 This S-100 immunostain highlights the 
otherwise inconspicuous spindled Schwann cell component of 
the ganglion. It also marks the Schwann cells accompanying 
the neural projections that interconnect these ganglia to one 
another within the plexus system. Note that the ganglion cells 
show no such immunoreactivity. 


The myenteric plexus of Auerbach, the other major neural plexus 
of the enteric nervous system, lies between the outer longitudinal 
and inner circular muscle layers (Figures 24.17,24.18,24.19). 
Auerbach's plexus is similar in composition to the submucosal 
plexus, although it typically has larger ganglia, a greater number 
of neurons, and a more compact plexus network (68,69). As a 


consequence of these features, it is best to evaluate the myenteric 
plexus for specific disease processes involving the enteric nervous 
system, such as the various visceral neuropathies. Because routine 
processing allows only a small portion of the plexus to be 
visualized and because many of these conditions cause no 
detectable changes on routine H&E-stained sections, special 
preparations of thicker, larger, and _ silver-stained sections cuten 
face are currently necessary to diagnose many of these disorders 
(69). Finally, although of lesser importance, a deep muscular, 
Subserous plexus and several mucosal plexuses are also present 
within the small bowel (68). Interstitial cells of Cajal (ICC) are 
located in relation to the myenteric plexus of Auerbach and in 
septa between circular muscle lamellae (Figure 24.20). These 
a€cepacemaker cellsa€* are felt to play a role in intestinal motility 
(71). 


Figure 24.20 The CD117 (c-kit) immunostain shows 
interstitial cells of Cajal surrounding the myenteric plexus of 
Auerbach. 


Figure 24.21 The subserosal region contains a delicate 
fibrocollagenous network, blood vessels, lymphatics, and 
nerves. The serosa consists of a thin fibrous layer (blue and 
bottom) covered by a single layer of mesothelial cells; 
however, the mesothelium is often denuded in surgical 
specimens. A portion of the outer layer of the muscularis 
externa is also present in this field (top). (Masson's 
trichrome.) 


Serosa and Subserosal Region 


The serosa is the covering that envelops most of the external 
surface of the small bowel. Its outermost layer consists of a single 
row of cuboidal mesothelial cells, under which lies a thin band of 
loose connective tissue. A subserosal zone of connective tissue 
lying between this mesothelial covering and the muscularis 
externa also contains ramifying branches of blood vessels, 
lymphatics, and nerves (Figure 24.21). 


Distinctive Regional Characteristics of 
the Small Bowel 


Duodenum 


The duodenum exhibits several distinctive histologic features, 
many related to its proximal location in direct continuity with the 
pylorus. The gastroduodenal junction, 
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although well-delineated grossly, is poorly demarcated 
histologically (72) (Figures 24.22,24.23). A gradual transition in 
epithelial types occurs, with three distinct subtypes in the 
duodenum (73): (a) an antral-type mucosal epithelium that is 
identical to the pyloric mucosa; (b) a a€ceusual small intestinal 
typea€* (jejunal type) characterized by villi covered by absorptive 
cells and interspersed goblet cells; and (c) a transitional type 
(Figure 24.23), in which the same villus is covered by epithelium 
having features of both antral-type and usual small intestinal-type 
epithelia. In the region of the gastroduodenal junction, irregular 
undulating slips of antral-type mucosa extend about 1 to 2 mm 
into the anatomic duodenum, which then abuts a 2- to 3-mm 
segment of transitional-type epithelium (73). Distal to this, only 
the usual small intestinal-type mucosa is found (73). The 
transitional type epithelium occurring in more distal aspects of the 
duodenum and in the rest of the small intestine is termed gastric 
metaplasia (31). 


Figure 24.22 Gastroduodenal junction. Note the transition 
from PAS-positive (red) gastric foveolar epithelium and 
underlying pyloric glands (right) to a villous mucosal 
architecture of the duodenum (left) lined predominantly by 
Alcian blue/PAS-positive (blue-purple) goblet cells and 
absorptive cells. Note that both pyloric (right) and Brunner's 
glands (left) are composed predominantly of cells containing 
only neutral, PAS-positive mucin. Brunner's glands, however, 
are predominantly submucosal in location, while pyloric glands 
are an intramucosal structure. (Alcian blue/PAS.) 


Although the duodenal mucosa may demonstrate long villi with a 
villous-to-crypt length ratio on the order of 3:1 to 5:1, more 
commonly, particularly in the first portion (the duodenal cap or 
bulb), the villi are shorter and broader with occasional branching 
extensions (74) (Figure 24.24). They often have a leaflike shape 
with few fingerlike forms when viewed under a scanning electron 
or dissecting microscope (20,74,75) (Figure 24.25). Also, the 


number of mononuclear cells within the lamina propria is increased 


in the duodenum when compared with the rest of the proximal 


small intestine (74,75). This varied constellation of findings is 
considered normal and is probably a consequence of the effect of 
acidic gastric contents on this most proximal intestinal site 
(40,75). 


Figure 24.23 Several villi within the confines of the 
gastroduodenal junction disclosing both a€ceusual small 
intestinal-typea€* epithelium and _  antral-type, PAS-positive, 
foveolar epithelium. This transitional-type epithelium is a 
characteristic hybrid found in this region. At more distal small 
intestinal sites, this transitional type epithelium is termed 
gastric metaplasia. (Alcian blue/PAS.) 


The submucosa of the gastrointestinal tract lacks glands except at 


two sites: the esophagus and the duodenum. The submucosal 
Brunner's glands are the type localized to the duodenum. Indeed, 
these glands are typically used by the pathologist to identify 
histologically a segment of small 
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intestine as duodenum. Brunner's glands, which begin just distal 
to the gastroduodenal junction, are most concentrated in this 
region and gradually decrease in quantity along the duodenum 
(76). Beyond the entrance of the ampulla of Vater, only scattered 
groups can be found. In rare instances, Brunner's glands extend 
beyond the duodenojejunal flexure for a short distance (77,78,79). 


Figure 24.24 Short, slightly broader villi predominate in the 
duodenum. The underlying submucosal Brunner's glands are a 
distinctive feature of this portion of small bowel. Note that a 
fair portion of Brunner's glands normally occurs above the 
muscularis mucosae. 


Figure 24.25 Two views of duodenal mucosa using scanning 
electron microscopy: leaflike (A) and ridged-shaped (B) villi 
predominate in these normal duodenal specimens. 


Brunner's glands are lobular collections of tubuloalveolar glands 
predominantly located within the submucosa; however, they often 
extend through the muscularis mucosae into the deep portions of 
mucosa beneath the crypts of LieberkAYhn (Figures 24.24, 
24.26). On average, about one third of the gland population 
resides within the mucosa (77). Brunner's glands are lined by 
cuboidal-to-columnar cells with pale, uniform cytoplasm and an 
oval, basally situated nucleus. Their cytoplasm contains neutral 


mucins that are PAS positive and diastase resistant (Figure 24.22). 
Occasionally, mucous cells with apically concentrated mucin and 
perinuclear vacuolization or clearing are seen. Although opinions 
vary, these changes are thought to represent the secretory phase 
of the gland (i.e., recently fed state) (80,81). The glands empty by 
way of ducts lined by a similar epithelium, which are often seen 
passing through slips of muscularis mucosae (Figure 24.26). These 
ducts drain into the crypts at varying levels (79). Brunner's glands 
and their ducts can be distinguished from surrounding crypts by 
the absence of goblet cells and by their diffuse cytoplasmic PAS 
positivity (79). 


Although most of the lining epithelial cells of the Brunner's glands 
are of the mucous type, scattered 
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endocrine cells are present as well. Many can be detected on 
routine H&E-stained sections because of their basal eosinophilic 
granulated cytoplasm (82). By using immunohistologic methods, 
some have been shown to contain somatostatin, gastrin, and 
peptide YY (83). However, the ducts that drain Brunner's glands 
are devoid of endocrine cells (83). 


Figure 24.26 Submucosal Brunner's gland lobule with draining 
duct extending through muscularis mucosae. Note the stark 
contrast between the crypt epithelium and that of the 
Brunner's glands and their ducts. 


Peptidergic neural fibers, predominantly those with 
immunoreactivity for vasoactive intestinal peptide and substance 
P, course within and between individual Brunner's glands. These 
neuroendocrine substances are probably important in local 
regulation of acinar secretion, although this function has been 
verified only for vasoactive intestinal peptide (83). The function of 
Brunner's glands has not been fully elucidated, but their mucus is 
felt to be of prime importance for protection of the duodenal 
mucosa from the potentially damaging effects of the delivered 
acidic gastric contents (78). 


Hyperplasia of Brunner's glands exists in three forms: (a) diffuse 
glandular proliferation, imparting a coarse nodularity to most of 
the duodenum; (b) isolated discrete nodules in the proximal 
duodenum; and (c) a solitary nodule, often designated as an 
a€ceadenomaa€* of Brunner's glands (77,84,85). All three types 
are typically composed of an increased quantity of normal- 
appearing Brunner's glands, accompanied by variable proportions 
of smooth muscle (Figure 24.27). The distinction between 
adenoma and hyperplasia is arbitrary, and no substantial evidence 
exists to suggest that any of these proliferations are truly 
neoplastic (84). Moreover, carcinoma arising from a population of 
Brunner's glands has yet to be convincingly documented (31). 
Nodules or polypoid structures composed of collections of these 
submucosal glands in the duodenum are probably best termed 
Brunner's gland nodules (31). 


Figure 24.27 Brunner's gland nodule disclosing abundant 
normal-appearing submucosal glands of Brunner intermixed 
with smooth muscle, underlying an unremarkable duodenal 
mucosal villous surface. 


Pseudomelanosis duodeni, or brown-black pigment, located 
primarily within lamina propria macrophages, rarely may be 
observed in the proximal duodenum (86) (Figure 24.28). 
Lipomelanin, ceroid, iron, sulfide, and hemosiderin have been 
identified in these deposits. Most reported patients were 
hypertensive and also suffered from upper gastrointestinal 
bleeding, chronic renal failure, or diabetes mellitus (86). 


jejunum 


The jejunum is the least distinctive segment of the small bowel; 
and, as such, its histologic features are most similar to those 
described for the small bowel in general. However, a characteristic 
feature is the prominent development of the plicae circulares, or 


permanent circular folds, also termed valves of Kerckring and 
valvulae conniventes (Figure 24.1). These folds are tallest and 
most numerous (i.e., closely spaced) in this portion of the small 
bowel (20). Histologically, the jejunal villi are tall with a _ villous-to- 
crypt ratio on the order of 3:1 to 5:1. The vast majority of jejunal 
villi are slender and fingerlike (Figures 24.2,24.3), in contrast to 
the slightly shorter villi of the ileum and to the leaflike, 
occasionally branched and blunted villi of the proximal duodenum 
(20,40). These morphologic transitions are gradual, particularly in 
the mobile small intestine, where the separation between jejunum 
and ileum is arbitrarily defined. 
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Figure 24.28 A. Macrophages containing granular brown-black 
pigment within the lamina propria of the duodenum, a 
characteristic of pseudomelanosis duodeni. B. Prussian blue 
stain disclosing the prominent iron content of the pigment. 
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The ileum has a number of distinctive features, including its 
unique junction with the large intestine. The ileum protrudes 
approximately 2 to 3 cm into the large intestine at the junction of 
the cecum and ascending colon. This nipplelike extension of the 
terminal ileum is encircled by large bowel mucosa and has been 
likened to the relationship of the uterine cervix with the vagina 
(87). A muscular sphincter at this site, along with external 
ligamentous support, is responsible for modifying its function in 
order to prevent reflux and to allow forward passage of ileal 
contents (87,88). Histologically, the mucosal transition 
demonstrates a gradual loss of villi occurring at variable lengths 
along the short intracecal ileal segment; the ileal mucosa blends 
rather imperceptively with the mucosa of the large bowel (Figure 
24.29). The ileocecal region normally can contain abundant fat 
within its submucosa, diffusely distributed and proportional to 
adipose content in the rest of the abdominal cavity (89) (Figure 
24.29). In fact, on rare occasion, a distinct mass of fat is evident. 
This benign entity, so-called lipohyperplasia of the ileocecal 
region, reportedly can cause variable symptoms, including 
abdominal pain and lower gastrointestinal bleeding (89). 


The distinctive mucosal characteristics of the ileum, when 
compared with both jejunum and duodenum, include shorter and 
fewer plicae circulares and an increased proportion of goblet cells 
within the epithelium (Figure 24.30). The villi are typically shorter 
than at more proximal sites and have a predominantly fingerlike 
Shape (20). These features become gradually more apparent along 
the length of the small intestine and are most evident in the distal 
ileum. With distal progression, lymphoid nodules that can be found 
anywhere in the small intestine gradually increase in quantity 
(20). In addition, specialized clusters of lymphoid aggregates, or 
Peyer's patches, are most prominent in the ileum. 


Peyer's patches are located along the antimesenteric border of the 
small bowel. They consist of varying numbers of lymphoid follicles, 
ranging from 5 to over 900, and have been shown to be present 


during fetal life (90). Until puberty, they increase in size and 
number and subsequently regress steadily thereafter; nonetheless, 
Peyer's patches are invariably present even into extreme old age 
(90). In children, these patches can be grossly visualized near the 
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ileocecal junction (91); although on the whole, they cannot be 
seen with the naked eye (92). Moreover, hyperplastic Peyer's 
patches (or focal lymphoid hyperplasia) may be found in the 
terminal ileum during childhood and have been linked to more than 
One-third of the cases of idiopathic intussusception occurring in 
the ileocecal region in this age group (93,94,95). 


Figure 24.29 Transition from villous mucosal surface of ileum 
(left) to flat mucosa of large intestine (right) at the ileocecal 
junction. Note the prominent submucosal adipose tissue 
characteristic of this region. 
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Figure 24.30 Characteristic ileal mucosa with slender 
relatively short villi (compare with jejunal villi in Figure 24.3) 
lined by abundant goblet cells with a lesser number of 
absorptive columnar cells. 


Peyer's patches are basically specialized groups of lymphoid 
follicles that occupy the mucosa and a variable portion of the 
submucosa. Structurally, four distinct compartments exist: follicle, 
dome, follicle-associated epithelium, and interfollicular regions 
(30,96) (Figure 24.31). Most lymphoid follicles within a Peyer's 
patch contain a germinal center that is populated by numerous 
surface IgA-positive B cells, with occasional CD4-positive T cells 
and macrophages (30,92) (Figures 24.31,24.32). However, the 
surrounding mantle zone contains a population of small B cells 
(predominantly surface IgD- and IgM-positive). The dome is the 
area between the follicle and the overlying surface epithelium; this 
region contains a heterogeneous population of cells, including B 
cells of all immunoglobulin isotypes (except IgD), macrophages, 
and plasma cells (92). The specialized or follicle-associated 
epithelium overlying lymphoid aggregates is distinct from 


surrounding villous epithelial surfaces. It characteristically has 
fewer goblet cells and contains membranous cells, or M cells, 
interspersed among the usual columnar absorptive cells (30,97) 
(Figure 24.32). The M cell is a specialized columnar epithelial cell 
that transports luminal antigens to adjacent extracellular spaces, 
thus allowing access to immunocompetent cells. These cells play a 
key role in mucosally based immunity, antigen tolerance, and 
probably in certain immunopathologic disease states (97). 
Morphologically, M cells have an attenuated brush border with 
diminished alkaline phosphatase staining intensity (96,98), a thin 
strip of apical cytoplasm, and a basally situated round nucleus. 
The M cell's cytoplasm is often deformed by several lymphocytes 
(97). However, definitive M-cell characterization rests upon the 
identification of specific ultrastructural features (96,97). The 
follicle-associated epithelium also has a distinctive migratory cell 
composition because the intraepithelial lymphocyte population is 
more abundant and has a greater proportion of CD4-positive (T- 
helper/inducer) cells than does the usual villous epithelium 
(approximately 40% versus 6%) (96). Last, the fourth component 
of the Peyer's patch is called the interfollicular region. As in the 
lymph node, it is predominantly a T-cell zone with CD4-positive T- 
lymphocytes outnumbering CD8-positive lymphocytes by a 7:1 
margin (92). 


Plasma cells are a scant component of Peyer's patches, in contrast 
to the surrounding lamina propria, but they may frequently be 
found in the dome compartment. Peyer's patches are believed to 
be important in the generation of the mucosal immune response, 
in part by supplying the lamina propria with immunocompetent 
surface IgA-positive B cells 
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that become functional secretory plasma cells (30,91,92,97). 


Figure 24.31 Confluent lamina propria lymphoid aggregates 
of a Peyer's patch. This organized lymphoid tissue typically 
extends into the underlying submucosa. The four components 
of the Peyer's patch are seen and include lymphoid nodules 
with germinal centers, an overlying flattened follicle- 
associated epithelium, and an intervening pale-staining dome 
region. The abundant lymphoid population between the 
follicles is the T-cella€“rich interfollicular zone. 


Figure 24.32 High magnification of surface epithelium above 
a lymphoid nodule within a Peyer's patch. The polymorphous 
germinal center (below) is surrounded by monotonous, small 
round lymphocytes that comprise the nodule's mantle zone. 
Above this lies the dome region with lymphocytes, plasma 
cells, and macrophages. The follicle-associated epithelium 
characteristically has few, if any, goblet cells; 
ultrastructurally, most of these cells would be identified as M 
cells. 


Irregularly distributed, granular brown-black pigment can 
commonly be found in the deep portions of Peyer's patches in 
adults (99) (Figure 24.33). Although its origin is controversial, 
atmospheric or dietary sources are most probable (99,100). 
Accumulating principally within macrophages, this pigment has 
been shown by x-ray spectroscopy to contain a distinct mineral 
composition that includes silicates, aluminum, and titanium 


(99,100). The pigment is inert and has no known clinicopathologic 
Significance. 


A final distinctive feature often seen in the ileum is Meckel's 
diverticulum; it is the most common intestinal congenital anomaly 
and is found in 1 to 2% of the general population (31). Meckel's 
diverticulum is an antimesenteric outpouching of the terminal 
ileum usually located approximately 20 cm from the _ ileocecal 
junction. It represents the persistence of the omphalomesenteric 
duct. Although Meckel's diverticulum is usually an incidental 
finding, it can cause lower gastrointestinal bleeding or small bowel 
obstruction (101,102). Histologically, small intestinal mucosa 
alone lines the diverticulum in about 50 to 70% of cases. Ectopic 
gastric or pancreatic tissues are found in the remainder, typically 
encountered at the distal most aspect (102). 


Figure 24.33 Dense brown-black granular pigment within the 


depths of a Peyer's patch of ileum. The pigment is typically 
confined to macrophages. 


Special Considerations 


Geographic, Age-Related, and Dietary 
Factors 


Because geographic and local environmental factors can affect 
small bowel morphology, historical data about the residence or 
recent travel of an individual are essential to evaluate histologic 
material accurately. Specimens from individuals residing in, or 
visiting at length, certain less developed tropical locations such as 
Africa, southern India, and Thailand show a distinctly different 
villous appearance from those of individuals who live in temperate 
climate zones (45,103,104,105,106). The morphologic alterations 
seen in individuals from such tropical areas include leaflike villi 
predominating over fingerlike forms in jejunal segments examined 
via biopsy and an increased number of lamina propria mononuclear 
cells (107). This difference in the villous population is reflected 
histologically as stubby villi with a pyramidal shape (i.e., a 
broader base than apex) and occasional branched and fused villous 
tips (45,103,104). Interestingly, although the villi are shorter, the 
villous-to-crypt length ratio usually remains constant in all 
geographic settings (45,104). Such alterations should probably be 
considered a normal variant because these individuals are typically 
asymptomatic and otherwise healthy (103). 
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The cause of these morphologic changes is uncertain, but 
environmental factors, particularly regional enteric flora, 
presumably play a role (103). Similar mucosal changes are seen in 
normal individuals in temperate environments, but only in 


proximal portions of the duodenum. Therefore, these particular 
mucosal alterations must be analyzed in the context of both the 
patient's residence and the site within the small intestine in order 
to prevent misinterpretation as a pathologic change, such as 
tropical sprue. 


Aging also modifies small bowel mucosal architecture. Although 
the literature on humans is limited, it has been shown that 
specimens from elderly individuals generally have shorter and 
broader villi than those from younger individuals (108). Moreover, 
lower animal and human fetuses have been documented as having 
fingerlike villi exclusively, Suggesting that exposure to the 
environment or aging itself modifies villous architecture 
(108,109). However, the functional significance of these changes 
is uncertain (108). 


Diet alters villous architecture in laboratory animals. A diet high in 
fiber results in broad and fused villi, whereas a fiber-free diet 
seems to prevent the formation of leaflike forms (17). If this 
finding is valid in humans, it may be one factor related to the 
presence of stubby, leaflike villi seen in patients in less developed 
countries where high-fiber diets are common. 


Metaplastic and Heterotopic Tissues 


Gastric type mucosa is not an unusual finding in the small 
intestine. A distinction can be made between metaplasia, an 
acquired alteration, and heterotopia, thought to be congenital in 
origin. Gastric metaplasia characteristically consists solely of 
antral-type, PAS-positive, foveolar columnar cells lying along the 
surface epithelium (Figure 24.23). This change is focal and often 
in direct continuity with usual columnar absorptive epithelium on 
the same villus (75). Gastric metaplasia may be encountered in 
more than 60% of healthy asymptomatic individuals in the 
duodenal bulb, where it can be regarded as within normal limits 
(75). More distally, however, it is less commonly seen in the 


asymptomatic person but rather frequently is associated with 
duodenitis or mucosal ulceration (75,110). Scattered chief and 
parietal cells without any organized arrangement are also 
associated with this type of metaplasia or with reparative 
processes (110). 


In contrast, gastric heterotopia is usually a grossly evident 
mucosal polyp that contains all cellular elements encountered in 
the normal gastric fundic mucosa. Characteristically, mucous 
foveolar epithelium overlies an organized arrangement of glands 
lined by chief and parietal cells; this is typically well demarcated 
from the surrounding usual intestinal villous epithelium. Gastric 
heterotopia is also fairly common, being reported in up to 2% of 
the population (111); it may be found anywhere along the 
gastrointestinal tract (110). Gastric heterotopia is a well-defined 
entity in the proximal duodenum and usually presents as a 
mucosal nodule on the anterior wall. Although they are usually of 
no clinical significance, larger ones may cause obstructive 
symptoms (111). In contrast, gastric heterotopia distal to the 
ligament of Treitz is usually symptomatic and often causes 
intussusception (112). This relationship to clinical symptoms may 
derive from patient selection bias because asymptomatic gastric 
heterotopias at a distal site would not be routinely detectable. 


Heterotopic pancreas tissue also can be found anywhere along the 
small intestine but most commonly is found in the duodenum and 
jejunum (113,114). It can form submucosal, intramural, or serosal 
nodules and is composed of various admixtures of pancreatic acini, 
ducts, and islets of Langerhans (113,115) (Figure 24.34). Isolated 
ductal structures admixed with smooth muscle may be the 
predominant or exclusive component, and in these instances the 
alternative term adenomyoma has been used (31,114). Nodules of 
pancreatic tissue within the small intestine are usually 
asymptomatic, although larger lesions (greater than 1.5 cm) with 
prominent mucosal involvement may become clinically significant 
(114,115). A single case of a combined submucosal pancreatic 


heterotopia with overlying gastric type mucosa in the duodenal 
bulb recently was reported (116). 


Figure 24.34 Heterotopic pancreas in the duodenum 
characterized in this instance by variably sized ducts, acini, 
and abundant smooth muscle. 


P.621 


Lymphoid Proliferations 


Lymphoid tissue is a prominent feature of the small bowel. The 
gut-associated lymphoid system in this region, as in the entire 
gastrointestinal tract, is compartmentalized into lymphocytes of 
the epithelium, lamina propria, isolated lymphoid aggregates, and 
Peyer's patches (117). The normal appearance and immunologic 


composition of these distinct lymphoid populations have been 
detailed earlier in the chapter. All these compartments participate 
at some level in mucosal immune response, but they also provide 
the milieu for various hyperplastic and neoplastic 
immunoproliferations, as well as for certain immunodeficiency 
states. Some of these disorders have histologic features that 
deviate only slightly from a normal appearance and from one 
another. Additionally, some are believed to be _ preneoplastic. 


Lymphoid hyperplasias are divided into two broad categories: focal 
and diffuse forms (118). Focal lymphoid hyperplasia is a localized, 
well-circumscribed proliferation of benign lymphoid tissue 
characterized by a polymorphic infiltrate of lymphocytes within 
which numerous benign follicles with reactive germinal centers are 
dispersed. These proliferations often involve only the mucosa and 
submucosa, but they may extend through the entire wall (118). 
Focal lymphoid hyperplasia is predominantly found in the terminal 
ileum of children or adolescents who present either with ileocecal 
intussusception or with a clinical syndrome mimicking appendicitis 
(93,95,118). 


Diffuse or nodular lymphoid hyperplasia is a distinct entity in 
which multiple nodules composed of aggregates of benign 
lymphoid follicles disfigure the mucosa and submucosa along 
extensive lengths of the small intestine, with or without colonic 
involvement (118,119,120). It is usually asymptomatic and 
incidentally encountered (118). However, a distinct 
clinicopathologic variant exists that is characterized clinically by 
associated, combined variable immunodeficiency and giardiasis- 
related diarrhea and histologically by a greatly diminished or 
absent plasma cell population in the nearby lamina propria (118). 
Nodular lymphoid hyperplasia, with or without combined variable 
immunodeficiency, has been associated with an increased risk for 
the development of various malignancies (e.g., malignant 
lymphoma, carcinoma) (118,119,120,121). 


Differentiation of these benign lymphoid lesions from malignant 
lymphoma can be problematic. However, recognizing the 
diagnostic morphologic features of malignant lymphoma, such as 
the usual cytologic monotony of the lymphoid population, the lack 
of a reactive follicular architecture, and the presence of mucosal 
ulceration, should resolve most dilemmas (118,122,123,124). 
Additionally, because the majority of small bowel malignant 
lymphomas are of B-cell lineage (124), demonstration of light- 
chain restriction by immunohistologic techniques or flow 
cytometric analysis or detection of heavy- or light-chain 
immunoglobulin gene rearrangements (e.g., monoclonality) by 
molecular diagnostic methods can aid in certain cases 
(125,126,127); T-cell receptor gene rearrangement analysis may 
be necessary in a minority of cases. 


Morphologic Changes Associated’ with 
Ileal Diversion and Continence- 
Restoring Procedures 


With the increasing number of diversion and _ continence-restoring 
procedures being performed after total colectomy, it has become 
common to see biopsy and revision specimens after such 
operations. As a consequence, familiarity with the altered yet 
a€cenormala€* morphology within these ileal creations must be 
appreciated in order to evaluate them optimally. The expected 
mucosal changes include villous shortening and crypt lengthening 
(approximate 1:1 to 2:1 ratio), increased numbers of goblet cells 
and lymphoid follicles, and a denser mononuclear cell infiltrate 
within the lamina propria (31,128,129). These alterations are 
similar after either colectomy with conventional ileostomy or after 
ileoanal anastomosis with ileal reservoir formation (e.g., pouch) 
(129,130,131). However, ileostomy stomas in particular show 
additional changes of mucosal prolapse exemplified by 
fibromuscular obliteration of the lamina propria and superficial 


erosions and microhemorrhages (31). Additionally, goblet cell 
mucin alterations have been seen in nearly 50% of pouches 
examined, with conversion to predominantly sulfomucins (i.e., 
colonic epithelial mucin) (131). However, another group of 
investigators saw no change in goblet cell mucin from the typical 
small bowel acid sialomucins in ileal segments after either ileoanal 
anastomosis with pouch formation or conventional ileostomy 
(129). Nonetheless, all these changes should be interpreted as 
a€cenormala€* because more definitive and specific criteria need 
to be met to establish persistent, recurrent, or novel disease in 
these specimens. 


Mucosal Biopsy Specimen Evaluation in 
Suspected Malabsorption 


Specimen Procurement and Processing 


The usefulness of small bowel mucosal biopsy is unquestioned 
(132), particularly in the evaluation of malabsorptive states. In 
the past, up to four biopsy samples were usually obtained from the 
area of the ligament of Treitz via a suction biopsy device attached 
to a long tube (133). In recent years, the standard upper 
endoscope has been used, and comparable specimens have been 
procured (76,134). Because this technique is performed under 
direct visualization, many 
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more biopsy specimens can be obtained. Regardless of the biopsy 
technique used, the most critical part of the procedure is proper 
orientation of the specimen. Ideally, specimens are immediately 
mounted mucosa side up on a solid substance such as filter paper 
or plastic mesh and then placed into Hollande's or other fixative. 
After processing, the histotechnologist embeds the tissue 
perpendicular to the mounting material. Alternatively, biopsy 
specimens may be placed unmounted into fixative immediately. 


The tissue can then be properly oriented after processing at the 
time of embedding. Because the specimen will naturally curl, some 
tangential sectioning can be expected. Proper specimen evaluation 
requires examination of optimally oriented intestinal villi obtained 
from the central region of the biopsy specimen. Although serial 
sectioning is advocated by some investigators (107), step- 
sectioning (threea€“seven levels) is a reasonable alternative. 


Our standard small bowel biopsy procedure consists of obtaining 
four to six endoscopic biopsy specimens. One can be used to make 
a touch preparation that is then fixed in alcohol and stained via 
the Giemsa technique. The other tissue samples are placed in 
fixative and routinely processed. Step-section slides are obtained: 
three are stained with H&E and one with alcizn blue/PAS. The PAS 
stain is a useful screen for Whipple's disease and Mycobacterium 
avium-intracellulare complex infection. Trichrome stain can be 
used to confirm collagen deposition seen in ischemia or 
collagenous sprue. In addition, the iron hematoxylin counterstain 
used in the trichrome technique makes it easier to identify 
giardiasis. 


Specimen Interpretation and Common 
Artifacts 


With appropriate specimen procurement, the mucosa with 
muscularis mucosae and a small portion of upper submucosa 
should be available for histologic examination. These specimens 
should be evaluated in a systematic fashion, including assessment 
of (a) villous architecture, (b) surface and crypt epithelia, (c) 
lamina propria constituents, and (d) submucosal structures (53). A 
well-oriented specimen is essential for optimal evaluation. 
However, it must be remembered that villi vary in length and 
Shape, particularly in the proximal duodenum, and that villous 
apices bend and twist in various planes to create unusual forms; 
these variations should not be misinterpreted as a villous 


abnormality (40,53). Generally, if four normal villi in a row are 
observed, the villous architecture of the entire specimen is 
probably normal (53,107). This does not mean that specimens with 
fewer than four well-aligned normal villi should be considered 
inadequate because even one normal intestinal villus in a proximal 
Small bowel biopsy specimen rules out unrelated celiac sprue (31). 
Conversely, identification of four normal villi in a row does not 
necessarily exclude focal lesions, although it almost always does 
(107). The pathologist must be wary of certain common artifacts 
that may lead to erroneous interpretations. Careful attention to 
certain features (described below) within the various mucosal 
compartments will aid in their recognition. 


Tangential Sectioning 


Inappropriate orientation of the specimen, occurring at any point 
during processing, will lead to various tangential cuts or sections. 
The mucosa must be sectioned perpendicular to its long axis, or a 
distorted pattern disclosing apparently short and broad villi and an 
expanded lamina proprial compartment will be observed. However, 
several features aid in recognizing an oblique cut: (a) numerous 
elliptically shaped glands, (b) a multilayered arrangement of the 
crypts (Figure 24.35), or (c) a multilayered surface epithelium 
(53) (Figure 24.36). If any of these features are present, the 
villous architecture must be interpreted with caution. 


Brunner's Glanda€“Related Artifact 


Brunner's glands have an inconsistent effect on villous architecture 
(31). Occasionally, normal length villi can be encountered 
overlying the Brunner's glands (Figure 24.37), but more commonly 
the villi appear distorted, short, broad, and stubby (31,40) (Figure 
24.24). To minimize the potential effects of this artifact on 
interpretation, biopsy specimens of the small bowel for evaluation 
of malabsorptive states are routinely obtained as distally as 


possible in 


the duodenum or from the proximal jejunum (i.e., near the 
ligament of Treitz) (76,134). Occasionally, however, more 
proximal small bowel biopsies are necessary for evaluation of 
duodenitis or ulcer disease. 


Figure 24.35 Multilayering of crypts indicates a tangential or 
oblique section of small intestine. The villous architecture 
overlying the crypts is normal, albeit unusual in appearance; 
this is also a product of malorientation of the biopsy specimen. 
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Figure 24.36 Another clue in identifying a tangential cut is 
multilayering, or da€cestratification,a€* of the surface 
epithelium (left portion of central villus). The normal surface 
layer is one-cell thick. This broad and short villous appearance 
is a consequence of malorientation and should be interpreted 
accordingly. 


Lymphoid Aggregatea€ “Related Artifact 


Mucosal lymphoid aggregates, or nodules, are scattered along the 
small bowel and often distort the villous architecture. Villi are 
usually absent over lymphoid aggregates, and nearby villous forms 
may be distorted, short, and stubby (53) (Figure 24.31). 
Therefore, when a lymphoid aggregate is seen below an isolated 
flat portion of the surface epithelium, it should not be 
misinterpreted as a severe villous abnormality. 


Figure 24.37 Occasionally, long slender villi, similar to those 
seen in the jejunum, are found overlying Brunner's glands. 
However, villi associated with Brunner's glands are more 
commonly shorter and broader (see Figure 24.24). 


Figure 24.38 Absence of muscularis mucosae in a small bowel 
biopsy specimen, resulting in shorter- and _ broader-appearing 
villi that are widely spaced. 


Absence of Muscularis Mucosae 


As mentioned earlier, the muscularis mucosae is an important 
structural component of the mucosa. In its absence (for instance, 
in a very superficial mucosal biopsy specimen), the tissues tend to 
spread laterally, resulting in villi becoming more widely spaced 
and appearing short and broad (53,135) (Figure 24.38). 


Biopsy Traumaa€“Related Artifacts 


As a direct result of the traumatic pinch or suction biopsy 
procedures, certain alterations of normal mucosa can be seen. 
Separation of the villous surface epithelium from the underlying 
lamina propria or focally denuded epithelium are not unusual 
(53,135). The lack of acute erosive changes (e.g., neutrophilic 
infiltrate, cellular necrosis) or chronic evidence of ulceration (e.g., 
granulation tissue, regenerative epithelium) allow this alteration to 
be recognized as biopsy related. Additionally, focal hemorrhage 
and scattered polymorphonuclear leukocytes may be observed in 
the lamina propria aS a consequence of the biopsy procedure. 
Crush or compression artifact can occur at the site of closure of 
the endoscopic forceps, resulting in a condensation of the 
lymphoplasmacytic component that can be misinterpreted as 
increased chronic inflammation (136). Additionally, the connective 
tissue may be altered in such a way that it appears more tightly 
packed, mimicking fibrosis or excessive collagen deposition (136). 
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Fixative-Related Artifacts 


Certain fixatives other than formalin (4% formaldehyde solution) 
can cause interpretive problems. Although Hollande's fixative 
better preserves cytologic and nuclear detail, several artifacts may 
interfere with evaluation. The brightly eosinophilic granules of 
Paneth's cells and sometimes eosinophilic leukocytes seen readily 
in formalin-fixed tissue are not as well preserved by Hollande's 
fixative. Additionally, suboptimal clearing of MHollande's fixative 
from the specimens before paraffin embedding can result in 
residual minute, round, basophilic structures that resemble yeast 
forms or parasites (e.g., cryptosporidium, Giardia lamblia) (136) 
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Embryology 


The gastrointestinal tract is a remarkably complex, three- 
dimensional, specialized, and vital organ system derived from a 
simple tubal structure composed of all three germ layers 
(endoderm, mesoderm, and ectoderm). Early in development, the 
gut is patterned into four asymmetrical axesa€”anterior- posterior 
(AP), dorsoventral (DV), left-right (LR), and radial (RAD), utilizing 
critical developmental pathways that are directed by reciprocal 
mesodermal (mesenchymal) to endodermal (epithelial) cell-cell 
interactions and endodermal to endodermal cell-cell interactions (1 
,2,3 ,4,5 ,6 ,7,8 ,9 ). Because gut epithelium is a constitutively 
developing tissue, constantly differentiating from a stem cell in a 
progenitor pool throughout adult life, these developmental 
pathways, axes of development, and cell-cell a€oecross talka€e 
continue to be important in cell differentiation, homeostasis, and 
apoptosis of the adult intestinal epithelium (8 ,9 ,10 ,11 ,12 ). 


The adult colon displays a morphologic and functional pattern 
clearly identifiable in three of the four embryonic axes, and 
interacts with the gut derivatives (thyroid, lung, liver, and 
pancreas) produced in the fourth embryonic axis (13 ,14 ). 


Development and differentiation along the AP axis gives rise to the 
foregut, the midgut, and hindgut, resulting in regionally specific 
differentiation from mouth to anus. The significant variation in 
patterns of gene expression, physiologic function, disease 
distribution, and variations in histologic appearance between the 
right and left colon reflects the combined midgut and hindgut 
derivation (8 ,15 ,16 ,17 ,18 ,19 200,22 ,22 ,23 ,24 ,25 ,26 ,27 528 
,29 ,30 ). The cecum, appendix, ascending, and proximal portion 
of the transverse colon (right colon) are derived from the midgut 
while the distal transverse, descending, sigmoid colon, and rectum 
(left colon) are derived from the hindgut (13 ,14 ). 


The LR axis is manifested in the colon by characteristic turning 
and looping of the gut, resulting in portions of colon with varying 
mesentery and fixation within the abdominal cavity (13 ). 


The fundamental axis maintained in the adult is the radial (crypt to 
surface) axis. Homeostasis of intestinal epithelium occurs 
throughout life along this radial axis, with the epithelial and 
mesenchymal progenitor/proliferative cells being deeper in the 
radial axis than the differentiated functional cells and the 

apoptotic cells being luminal (11 ,31 ,32 ,33 ). 


Abnormalities of any of the developmental pathways or along any 
axis during organogenesis may result in gross morphologic 
malformations, including diverticula, rotational malformations, 
stenoses, atresias, duplications, aganglionic segments, imperforate 
anus, and others (13 ,14 ,34 ,35 ,36 ,37 ). Perturbations of 
developmental pathways used for organ homeostasis may result in 
metaplasias, polyposis syndromes, and malignant transformation 
(10 ,38 ,39 ,40 ,41 ,42 ). 
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Anatomic Considerations 


The colon is the terminal 1.0 to 1.5 m segment of the 


gastrointestinal tract, following the periphery of the peritoneal 
cavity, with the rectum extending into the pelvis and concluding at 
the anal canal (Figure 25.1 ) (43 ,44 ). There is considerable 
anatomic variation in the position of the colon segments, 
mesenteric coverings, and attachments to the posterior abdominal 
wall (44 ,45 ). Nonetheless, consistency of vascular supply, venous 
drainage, and innervation distinguishing the two primary (right 
and left) colon segments along the embryologic AP 
(midgut/hindgut) axis is maintained. The right colon receives its 
blood supply from the superior mesenteric artery, parasympathetic 
nervous innervation from the vagus nerve, and sympathetic 
innervation from the superior mesenteric ganglia. The left colon 
receives its blood supply from the inferior mesenteric artery, 
parasympathetic innervation from sacral nerves S2, S3, and S4 
through the nervi erigentes; and sympathetic innervation from the 
inferior mesenteric ganglia. Venous drainage is predominantly 
portal. The rectum receives blood from the middle and inferior 
rectal arteries, parasympathetic innervation from the nervi 
erigentes, and sympathetic innervation through the hypogastric 
plexus through lumbar spinal segments L1, L2, and L3 (19 ,43 ,44 
,45 ). 


Unique external features of the colon include the teniae coli and 
haustra, visible through the investing serosa and subserosal 
tissue. The muscular layers of the large intestine are composed of 
both longitudinally and circularly arranged fibers. The longitudinal 
fibers are present circumferentially through the length of the colon 
but are primarily concentrated into three flat bands called the 
teniae coli (43 ,44 ,45 ). Convexities of the circular muscular 
layer, the haustra, are transient and probably the result of 
structural and functional properties of the colon. 


Splenic 
Flexure 


Figure 25.1 Major regions of the colon. 


From the luminal perspective, various landmarks are recognized by 
the endoscopist. The cecum is readily identified by the ileocecal 
valve, appendiceal orifice, and _ blind-ended, saclike appearance. 
The subjacent portal vasculature imparts a blue hue to the mucosa 
at the hepatic flexure. Orientation of the teniae coli within the 
transverse colon results in a T-shaped lumen, ending in a slitlike 
orifice and acute angle of the splenic flexure. Although the 
descending and sigmoid colon may have thickened mucosal folds 
and diverticular orifices, calibration marks on the colonoscope are 
more reliable means of approximating the location within this 
region. 


Function 


The basic function of the large bowel is conservation of salt and 
water and facilitation of orderly disposal of waste materials (30 ). 
Considerable advancements have been made recently in 
characterizing the vast and interrelated colon functions; these 
further support the concept of two primary, unique colon 
segments, the right and left colon (15 ,19 ,46 ). In addition to 
their distinct embryologic derivation, the right and left colon 


display segment-specific arrays of physiologic functions, patterns 
of motility, commensal bacterial populations, and metabolic 
intermediate and end products; as well as local and systemic 
immune functions (15 ,21 ,23 ,24 ,26 ,29 ,30 ,47 ,48 ,49 ,50 ,51 ). 
These varied functions are reflected in differing patterns of gene, 
lectin and surface marker expression, varying disease 
distributions, and rates of (and sequences involved in) neoplastic 
transformation (23 ,24 ,28 ,29 ,46 ). Subtle regional variations of 
the colonic mucosa, reflecting the segmental nature of the right 
and left colon, have been well recognized by gastrointestinal 
pathologists (15 ,20 ,22 ) and are described in the following 
sections. 


The most well-recognized function of the colon is absorption of 
water, desiccation, and transient storage of the feces. The cecum 
receives 1.3 to 1.8 liters of electrolyte-rich ileal effluent daily and 
is a high-capacity absorptive surface, effectively absorbing 80% of 
the chylous water (and sodium ions, Nat ) during the prolonged 
mucosal exposure created by the retrograde peristalsis unique to 
the cecum (21 ,26 ,27 ,30 ). Bulk absorption (of water and 
sodium) occurs via electroneutral sodium chloride (NaCl) transport 
at the surface and in the superficial portions of the crypts (21 ,30 
,52 ). Within the left colon, as fecal contents are propagated 
distally, low-capacity electrogenic absorption via luminal sodium 
channels, regulated by aldosterone and angiotensin, serve in 
further absorption of water, as well as preservation of sodium (21 
,30 ,53 ,54 ), particularly during periods of salt deprivation and/or 
mucosal injury. An additional mechanism for water absorption 
unique to the left colon, involving formation of 
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a hyperosmolar (Nat ) compartment between the colonocytes and 
pericrypt myofibroblasts, has been observed and may be vital in 
extracting water from the osmotically dense feces, allowing final 
compaction and storage with a stool output of 200 to 500 g daily 
(27,55,56). 


The colon participates in several diverse and integral metabolic 
processes through absorption, secretion, fermentation, oxidation, 
and other processes unique to the colonic epithelium or in concert 
with the colonic commensal bacteria. Rivaling London's East End or 
New York City in cultural diversity, there are an estimated 400 to 
500 microbial species (bacteria, fungi, and a few protozoa) 
forming complex ecosystems from the terminal ileum to the 
rectum (49 ,58 ,59 ,60 ). Bacterial cells outnumber human cells 
roughly 1000:1, with highest concentration in the cecum and 
decreasing gradient and varying composition proceeding distally. 
In the colon of healthy humans, commensal bacteria are required 
for numerous vital processes: formation of short-chain fatty acids, 
metabolic intermediates and vitamins; metabolism of proteins and 
amino acids; detoxification or biotransformation of bile acids, and 
natural sterols and phytoestrogens, as well as phosphate and 
oxalate excretion (29 ,49 ,50 ,57 ,58 ,60 ,61 ). Fermentation of 
carbohydrates to form short-chain fatty acids, particularly 
butyrate, serves aS a major source of energy for colonocytes, and 
butyrate plays a crucial role in colonocyte growth and 
differentiation (51 ,57 ,60 ,62 ,63 ). Nearly equal to the activity 
observed in the liver, colonocytes have the capacity to mediate 
biotransformation of bile salts, drugs, and xenobiotics (49 ,50 ). 
Many of these processes are segment-specific to either the right or 
the left colon. 


Colonic commensal bacteria are integral to the health and function 
not only of the large intestine, but to the host at large through 
activity in local and systemic immune function and regulation. 
Locally, the colonic epithelium and commensal flora serve as 
important barriers to infection via tight junctions and secretion of 
antimicrobial substances, as well as competition for nutrient 
substrates (64 ,65 ,66 ,67 ,68 ). 


The intestinal mucosa (terminal ileum through rectum) is the 
largest immune organ of the body (49 ,58 ,59 ,68 ,69 ). Lamina 
propria and lymphoid aggregate plasma cells represent 80% of the 


antibody-producing cells within the entire body and produce more 
antibodies than any other part of the body (49 ,58 ,59 ,69 ). The 
process of antigen sampling across specialized regions of the colon 
results in a€cegut priminga€* and routinely confers protection 
from subsequent infection locally and in other mucosal tissues 
(systemic immunization) (70 ,71 ,72 ,73 ,74 ,75 ,76 ,77 ). At 
baseline, the gut immune system is highly activated in response to 
normal floraa€”so called physiologic inflammationa€”in which the 
intestinal microflora and the intestinal immunologic mechanisms 
influence each other locally and systemically, forming an 
interdependent mutualistic ecosystem, the balance of which is 
required for maintenance of health and prevention of disease (71 
,73 ,74 ,78 ,79 ). 


Light Microscopy 


Although regional histologic differences exist within the right and 
left colon, the overall microscopic structure is similar throughout 
its length. The colon contains four histologically distinct 
compartments: (a) mucosa, (b) submucosa, (c) muscularis externa 
(or muscularis propria), and (d) serosa. The enteric nervous 
system spans all four compartments with cell bodies (ganglia and 
plexi) in both the submucosa and muscularis propria extending 
processes throughout the lamina propria, submucosa, and 
muscular layers, while receiving and transmitting information 
through synapses with the central nervous system via 
parasympathetic and sympathetic autonomic nervous systems. 


Mucosa 


The luminal colonic mucosa is the most metabolically and 
immunologically active compartment of the colon, as reflected in 
its organization and relative complexity. The luminal surface is 
covered by glycocalyx (glycans, enzymes, lectins, and mucin), 
facilitating formation of the commensal microbial ecosystem and 


serving as an integral barrier function (80 ,81 ,82 ). Beneath the 
glycocalyx is polarized columnar epithelium lining millions of 
regularly spaced crypts that span the depth of the lamina propria. 
The crypts are aligned perpendicular to and extend to the 
muscularis mucosae, imparting the well-known â€œrack of test 
tubesa€* appearance (Figure 25.2 ). Some variation in space 
between crypts is expected in biopsies of normal individuals; 
however, irregularly oriented or bifurcated crypts are considered 
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abnormal (see Regional Variation in Histologic Features , below). 
Variation in the usual pattern of the mucosa is seen at innominate 
grooves (regularly occurring folds in the mucosa), adjacent to 
lymphoid follicles, with lymphoglandular complexes and with the 
normal mucosal folds and ridges created by contraction of the 
muscularis mucosae (Figures 25.3 ,25.4 ,25.5 ). Each of these 
variations must be distinguished from the histologic changes of 
chronic mucosal injury (inflammatory bowel disease, or IBD) 
(Table 25.1 ). 


Figure 25.2 Normal colonic mucosa. The histologic section of this 
endoscopic mucosal biopsy specimen is oriented so the simple 
columnar surface epithelium facing the lumen is at the top of the 
figure and the cut surface of the specimen is at the bottom. The 


mucosal crypts are lined up in parallel, and their mouths are open 
to the lumen. The lamina propria consists of the stromal elements 
investing the crypts and extending from the surface epithelium to 
the smooth muscle cells of the muscularis mucosae at the bottom. 


Figure 25.3 Innominate grooves of colonic mucosa. Multiple 
crypts open in a a€cemirror imagea€* across a common crypt 
lumen at the groove, with the common crypt lumen opening to the 
colonic lumen. This normal finding is not a true branching of the 
crypts and should not be misinterpreted as architectural distortion 
indicative of chronic mucosal injury (i.e., inflammatory bowel 
disease). The innominate groove common lumen is generally 
within the superficial one-third of the mucosa. 


m 


Figure 25.4 Colonic lymphoid aggregate. This lymphoid aggregate 
splays the adjacent crypts, which appear in a diagonal or near 
horizontal axis (rather than vertical), and mimics basal 
lymphoplasmacytosis at the crypt/lymphoid aggregate margin, 
resembling minor architectural disarray. Goblet cells are absent in 
the crypt epithelium adjacent to the follicle, while retained on the 
opposite side of the crypt. These normal features of colonic 
lymphoid aggregates should not be misinterpreted as architectural 
distortion indicative of chronic mucosal injury (i.e., inflammatory 
bowel disease) (see Table 25.2 ). These aggregates may contain 
well-formed germinal centers and appear as small polyps 
endoscopically. 


Figure 25.5 Lymphoglandular complex. In this tangential section, 
crypt epithelium is present within a lymphoid follicle that extends 
from the mucosa through the muscularis mucosae into the 


submucosa. 


Advances in immunohistochemistry and development of new 
antibodies has allowed further classification of cell types, with 
utility in assessing both normal and pathologic histologic patterns 
and providing useful adjuncts to standard histochemical stains 
(Table 25.2 ) (52 ,83 ,84 ,85 ,86 ,87 ,88 ,89 ,90 ,91 ,92 ,93 ,94 
,95 ,96 ,97 ,98 ,99 ,100 ,101 ,102 ,103 ,104 ,105 ,106 ,107 ,108 
,109 ,110 ,111 ,112 ,113 ,114 ,115 ,116 ,117 ,118 ,119 ,120 ,121 
L22 4123): 


Regional Variation in Histologic Features 


Although the overall mucosal pattern as described above is 
maintained, the right and left colon display subtle histologic 
differences in the ratio of surface epithelial colonocytes to goblet 
cells, thickness of mucus layer, normal presence of Paneth's cells, 
crypt length, quantity of surface intraepithelial lymphocytes, 
lamina propria mononuclear cell distribution, and density, as well 
as lymphoid aggregate density (Figure 25.6 ). These subtle, but 
significant, differences make it essential to dissuade our clinical 
colleagues from the practice of utilizing pooled biopsies simply 
labeled colon . We encourage gastroenterologists and surgeons to 
uniformly adopt the practice of separately submitting and 
appropriately labeling biopsy material from the right and left 
colon, whether for evaluation of diarrhea or classification of 
polyps, because the range of normal histologic appearance differs 
significantly (15 ,20 ,22 ) and neoplastic sequence and progression 
varies within the right and left colon (19 ,28 ,99 ). 
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Mucosa with regular eosinophilic subnuclear material 
Collagenous colitis 
Accurate I nterpretation: 


Normal colon, tangentially sectioned. 

Assess for other features of microscopic colitis.+ 

Tangential sectioning of the surface epithelium results in the 
cytoplasm of adjacent enterocytes appearing below the basally 
aligned nuclei of â€œin planea€* enterocytes. 

Levels or a trichrome stain. 

Normal colon a€"histologic features seen in association with 
adjacent lymphoid aggregates or follicles: 

Focally increased surface intraepithelial lymphocytes with 
otherwise normal architecture. 

Lymphocytic colitis 

Accurate Interpretation: 

Normal colon 

Assess for other features of the microscopic colitides.+ 

Level through the biopsy material to locate the adjacent lymphoid 
aggregate or lymphoid follicle. 

Focal a€oearchitectural distortiona€* in association with numerous 
lamina propria mononuclear cells. Other biopsy fragments appear 
normal. 

Nonspecific colitis 

IBD: ulcerative colitis (UC), indeterminate colitis (IDC), Crohn's 
disease 

Accurate Interpretation: 

Normal colon 

Assess for other features of chronic mucosal injury.2 

Level through the biopsy material to locate the adjacent lymphoid 
aggregate or lymphoid follicle. 

Normal colon â€“ histologic features mimicking chronic colitis 
(IBD). 

Biopsy contains horizontal and unusually oriented crypts. 

IBD (either UC or IDC). 

Accurate Interpretation: 

Normal colon 

Biopsy material evulsed without the muscularis mucosae 


frequently contains unusually oriented crypts. 

Assess crypt morphology only in areas in which the muscularis 
mucosae is present, a€coetetheringa€* the crypts. 

Examine other tissue fragments; levels when necessary. 

Assess for other features of chronic mucosal injury.2 

Right (or ascending) colon biopsy with numerous lamina propria 
mononuclear cells 

Nonspecific colitis 

IBD (either UC or IDC) 

Accurate Interpretation: 

Normal proximal (right) colon 

Ensure site of biopsy 

Determine extent of mononuclear expansion, if any. The right 
colon contains significantly more lamina propria inflammatory cells 
than the left colon. 

Assess for other features of chronic mucosal injury.2 

Deeply eosinophilic granular cells at the base of crypts in the left 
colon (Paneth cells?) indicating chronic mucosal injury 

Nonspecific colitis 

UC, IDC, or Crohn's 

Accurate Interpretation: 

Normal colon 

Assess for other features of chronic mucosal injury.2 

Endocrine cells have apical (luminal) nuclei and fine basal granules 
and are normal throughout the colon. 

Paneth cells have basal nuclei; coarse luminal granules are normal 
in the right colon and pathologic in the left. 

Bifurcated crypts in sigmoid colon and/or rectum, without other 
findings 

Inactive IBD 

Accurate Interpretation: 

Normal colon or rectum 

One to two bifurcated crypts within the sigmoid colon or rectum is 
acceptable. 


Assess for other features of chronic mucosal injury.2 

Normal colon â€“ histologic features commonly encountered 
resulting from bowel preparation effects: 

Widely spaced crypts, without other findings 


Edema 
Nonspecific colitis 
Accurate Interpretation: 


Normal colon 

Water content/edema is not a reproducible finding. 

Review clinical history for type of bowel preparation, sodium 
phosphate enemas frequently cause edema. 

Ensure biopsy fragment contains muscularis mucosa. 

If other features suggest (i.e., lamina propria pallor [reduced 
mononuclear cells] and crypt distortion), consider treated IBD. 
Basal and/or surface epithelial apoptosis with or without reactive 
appearing surface enterocytes. 

Resolving acute self-limited colitis 

Antibiotic associated colitis 

Accurate Interpretation: 

Normal colon 

Review the clinical history to determine bowel preparation used 
(oral sodium phosphate frequently causes basal apoptosis, while 
sodium phosphate enemas may cause surface or basal apoptosis 
bowel preparation effect). 

Alert clinical colleagues that sodium phosphate causes bowel 
preparation effect and is ill advised in the evaluation of diarrhea or 
GVHD patients. 

(GVHD, graft-versus-host disease; IBD, inflammatory bowel 
disease; IDC, indeterminate colitis; UC, ulcerative colitis) 

1. Histologic features of microscopic colitis: (a) increased 
intraepithelial lymphocytes; (b) accompanying damage to surface 
epithelium (reactive appearance, epithelial sloughing); (c) 
superficially dense mononuclear inflammatory infiltrate; and with 
or without (d) thickening or irregularity of the subepithelial 


basement membrane collagen table (usually entraps superficial 
Capillaries). 

2. Histologic features of chronic mucosal injury (chronic colitis, 
also known as inflammatory bowel disease, or IBD): (a) 
mononuclear expansion of lamina propria, displacing crypts and 
resulting in (b) basal plasmacytosis; (c) crypt architectural 
distortion (bifurcated or irregularly oriented crypts; crypt 
a€cedropouta€s ); and (d) Paneth cell (left colon only) or pyloric 
metaplasia. 


Histologic Common Keys to Accurate 
Feature: Misinterpretation Interpretation 


Table 25.1 Common Artifacts and Variants: A Guide to 
Evaluation and Interpretation 


Colonic enterocyte 

CK20, pCEA, mCEA, villin, cdx2, AE1/AE3 

CK7, EGFR (extremely low expression) 

AB2.5a€“patchy apical blush 

Goblet cell 

(S , surface; C , crypts) 

MUC1 (S/C), MUC2 (S/C), MUC3 (S), MUC4 (S/C), MUC5B (C), 
MUC11 (S/C), MUC12 (S/C) 

MUC3 (C) 

MUC5A (S/C) MUC5B (S) 

+AB2.5, mucicarmine, PAS, PAS-D 

Enteroendocrine cell 

Chromo-A, Chromo-B, synaptophysin, NSE, specific peptides; 
AE1/AE3 

â€” 

Grimelius 

Paneth's cell 
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HL-5, HL-6 (R); AE1/AE3 


â€” 

Autofluorescent with eosin 

M cell 

No known definitive differentiating stains 
â€” 


No known definitive differentiating stains 
Intraepithelial lymphocytes (surface) 

CD3 TCRi+i?, CD3 TCRI?I’ 

CD10, CD43, CD138 

â€” 

Intraepithelial lymphocytes (M cell) 

CD3, CD45 RO, CD45 RA (rare), CD20 (rare) 
CD138 

â€” 

Lymphoid aggregate (follicle center) 

CD 19, CD20, CD10, CD68, occasional CD20, occasional S-100, 
scattered CD45 RO/CD3 

Bcl-2 

â€” 

Lymphoid aggregate (periphery/paracortex) 
CD3, CD5, CD20 (rare), S-100 (IDC, occasional) 
CD138 

â€” 

LP plasma cells 

CD79a, CD138 

CD20, CD3, CD123 

â€” 

LP lymphocytes 

CD3 (CD4+/CD8+ varying ratio) 

CD5 (occasional) 

Keratin, S100, 

â€” 

Eosinophils 


CD15 

â€” 

Autofluorescent with eosin 

Mast cells 

Tryptase, CD117 (c-kit ) 

CD34 

Giemsa, toluidine blue 

Macrophages 

CD68, HAM56, MAC387, lysozyme, [+1/+-trypsin 
LCA, keratin 

Iron (hemosiderin and anthracene pigment of melanosis coli) 
Dendritic macrophages 

CD1lb (subepithelial dome), CD123 

SMA-i+, keratin 


â€” 
Muciphages 
CD68, HAM56 
â€” 


AB2.5; PAS-D 

Pericrypt myofibroblasts 
Vimentin, HHF35, SMMHC, SMA-Î+ 
Desmin 

MTâ€“mixed blue and red 
Subepithelial myofibroblasts 
Vimentin, SMA-Î+ 

Desmin 

MTâ€“mixed blue and red 
Basement membrane 

Collagen IV, tenascin (minimal) 
Tenascin (thick) 

MTâ€“blue; saffronâ€“deep red;  eosinâ€“autofluorescence 
Muscularis mucosa 

Vimentin, HHF35, SMA-i+, desmin 
â€” 


MTa€“red 

Arterioles, capillaries, veins 
Luminal: CD31, CD34, vimentin, vWF, factor XIII Wall : SMA-i+ 
SMA-i+, HHF-35 

MTa€“red; elastin 

Lymphatic vessels 

CD34, vimentin, D2-40 (R)A® 
VWF 

MTa€“red 

Enteric glia and ganglia 
Synaptophysin, PDGFR-i+(R), NSE 
SMA-I+ 

â€” 

Schwann cells 

S-100, vimentin 

SMA-Î+ 

â€” 

Interstitial cells of Cajal 
CD34, CD117 (c-kit) 

S-100, CD31 

â€” 

Submucosal adipose 

S-100 

â€” 

Oil red O 

SM lymphocytes 

CD3, scattered CD138 plasma cells 
â€” 

â€” 

Muscularis propria 

SMA-Î+, desmin, vimentin 
â€” 

MTâ€“deep red 

Serosal mesothelium 


Calretinin, vimentin, AE1/AE3, CK7 

pCEA 

â€” 

(a€”, no information; AB2.5, Alcian blue 2.5; AE1/AE3, pan- 
cytokeratin; C, crypts; Chromo-A, chromogranin A; Chromo-B, 
chromogranin B; CK20, cytokeratin 20; DGFR, epidermal growth 
factor; IDC, interdigitating dendritic cells; LCA, leukocyte common 
antigen; LP, lamina propria; mCEA, monoclonal carcinoembryonic 
antigen; MT, Masson's trichrome; MUC, mucin gene; NSE, neuron 
specific enolase; PAS, periodic acid-Schiff; PAS-D, periodic acid- 
Schiff with diastase digestion; pCEA, polyclonal carcinoembryonic 
antigen; PDGFRa, platelet-derived growth factor receptor alpha; R, 
research; S, surface; SM, submucosa; SMMHC, smooth muscle 
myosin heavy chain; vWF, von Willebrand factor) 


I mmunohistochemical Profile 


Cell Type Positive Negative Histochemical Stain 


Table 25.2 Predominant Immunohistochemical and 
Histochemical Staining Patterns of many of the Normal 
Cell Types Present in the Human Colon (51 ,83 ,84 ,85 ,86 
,87 ,88 ,89 ,90 ,91 ,92 ,93 ,94 ,95 ,96 ,97 ,98 ,99 ,100 
,L01 ,102 ,103 ,104 ,105 ,106 ,107 ,108 ,109 ,110 ,111 
,112 ,113 ,114 ,115 ,116 ,117 ,118 ,119 ,120 ,121 ,122 
r23) 
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Figure 25.6 Normal mucosa from the cecum (A) and rectum (B). 
A. The mucosa in the cecum has more absorptive cells and fewer 
goblet cells compared to the rectum. The lamina propria is more 
cellular, with greater density of plasma cells, eosinophils, and 
lymphoid aggregates in the cecum as compared to the rectum. 
Paneth's cells are normally present, residing at the base of the 
crypts. B. The rectal mucosa has a higher ratio of goblet cells to 
absorptive cells, with a less dense lamina propria and more easily 
identified muciphages. Paneth's cells are not normally seen within 
the rectum. 


Reflecting a dominant function in absorption and antigen 
processing, the right colon displays a higher colonocyte 
(absorptive enterocyte + M cell) to goblet cell (roughly 5:1) ratio 
as compared to the left colon (Figure 25.6 ). Proceeding distally, 
an increase in goblet cells are apparent, with a ratio of 3 or 4:1 
(colonocyte: goblet cell), facilitating increased formation of gel- 
type mucin in the descending and sigmoid colon necessary for 
consolidation and transit of the increasingly formed fecal matter 
(15 ,26 ,27 ,124 ). Paneth cells are normally present at the base 
of crypts within the midgut-derived right colon but are indicative 
of metaplasia secondary to chronic mucosal injury after the distal 
one-third of the transverse colon (Figure 25.6 ). 


Surface intraepithelial lymphocytes are seen in greater 
concentrations in the right colon than the left and can be marked 


overlying lymphoid aggregates (20 ,22 ,125 ,126 ,127 ). Similarly, 
lamina propria mononuclear cell density is also greater in the right 
colon than the left (descending and sigmoid colon), as are 
organized lymphoid aggregates, possibly related to the higher 
concentration of commensal microorganisms and resultant antigen 
sampling activities (20 ,22 ). As goblet cell concentration and 
mucin increases, lamina propria macrophages, specifically 
scavenging mucin (muciphages) are observed with an increasing 
gradient proceeding distally. In the sigmoid colon and rectum, 
most gastrointestinal pathologists will accept a few bifurcated 
crypts as being within the range of normal (20 ), although this has 
not been systematically studied nor reported. 


Epithelium 

The colonic mucosa is composed of continuous, polarized surface 
and crypt epithelium forming millions of crypts (26 ,128 ) invested 
in basement membrane, surrounded by a variably cellular and 
vascular lamina propria (20 ,125 ,127 ), and with a deep boundary 
formed by the muscularis mucosae. 


The colonic mucosal microarchitecture shows remarkable stability 
along both the AP and radial axes, despite its high turnover rate 
and variety of highly specialized cell types (129 ,130 ). Albeit 
based upon circumstantial evidence, it is generally accepted that 
mucosal renewal is attributed to colonic epithelial stem cells 
located and maintained within a mesenchymal niche, situated near 
the base of the intestinal crypts (13 ,31 ,32 ,128 ,129 ,131 ,132 
,133 ,134 ). Multipotent stem cells slowly divide, under influence 
of reciprocal signaling by mesenchymal and other cells, giving rise 
to a transient population of progenitor cells that rapidly divide and 
undergo a well-controlled maturation process while migrating 
toward the lumen (31 ,128 ,134 ). The granule-containing 
epithelial cell types appear to ignore the rule of luminal 
progression during maturation, with Paneth's cells (of the right 


colon) migrating to the crypt base (13 ,64 ,135 ,136 ) and 
enteroendocrine cells (throughout the colon) homing to the mid- 
and deeper regions of the crypts (Figure 25.7 ) (13 ,15 ,137 ). 


During migration, dividing transit cells commit and differentiate to 
one of five distinct epithelial cell types: absorptive colonocyte, 
mucus-secreting goblet cell, enteroendocrine cell, Paneth's cell, or 
M cell. At any given time, 75 to 80% of all colonocytes are 
associated with the crypts, and only 10 to 15% of colonocytes 
form the surface epithelium (intercrypt table) (126 ,130 ). 


Absorptive Colonocytes 


Absorptive colonocytes compose the majority of the surface 
epithelium (80 ,82 ,138 ). The luminal surface is characterized by 
rigid, tightly packed apical microvilli, (13 ,130 ), the tips of which 
contain integral membrane mucinlike glycoproteins that form a 
continuous, filamentous brush border glycocalyx (139 ) that is 
visible as a striate luminal border. Absorptive 
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colonocyte cytoplasm is lightly eosinophilic, with small apical 
vesicles containing mucin (of different composition than goblet cell 
mucin) positioned for luminal release (21 ,63 ,89 ,99 ). The apical 
poles of columnar cells fan out over goblet cells such that only the 
small apexes of goblet cells contact the lumen (130 ). Basally 
aligned colonocyte nuclei are oval, uniformly sized, and aligned 
with the long axis parallel to the long axes of the cells, with 
Smooth nuclear contours and frequently observed nucleoli. 


Figure 25.7 Normal right colon with Paneth's cells and an 
endocrine cell. Within the crypt on the left are three Paneth's cells 
at the base of the crypt. Note the basal nucleus and coarse, 
luminal-facing granules that empty into the crypt lumen. Within 
the crypt on the right is an endocrine cell at the base of the crypt. 
The endocrine cell is smaller, has a luminal nucleus and fine, 
basally facing granules, that empty into the pericrypt 
myofibroblast sheath and adjacent vasculature. 


Goblet Cells 


Goblet cells are dispersed throughout the surface epithelium and 
crypts and are distinguished by their a€cewine goblet shape,a€e 
which results from a large number of mucous granules in the 
apical pole. Mucin composition varies regionally along the length of 
the colon due to differential synthesis of the several known 
secreted and membrane-bound mucins (15 ). This variation is 
reflected in the differential histochemical staining patterns 
commonly observed (99 ,140 ,141 ). Goblet cell cytoplasm is 
relatively clear with standard hematoxylin and eosin (H&E) stains; 
however, mucin granules become distinct with mucicarmine, Alcian 
blue pH 2.5, and periodic acid-Schiff stains (15 ). Goblet cell 


nuclei, when compared to adjacent absorptive colonocytes, appear 
hyperchromatic, dense, and irregular (130 ). 


Endocrine Cells 


Endocrine cells within the gut epithelium represent the largest 
population of hormone-producing cells in the body (128 ,137 ,142 
,143 ), comprising approximately 1% of the individual cells lining 
the intestinal lumen, predominantly located in the crypts and, 
rarely, scattered within the lamina propria (13 ,15 ,28 ,122 ,130 
,142 ,146 ,147 ). More than 30 peptide hormone genes are known 
to be expressed throughout the digestive tract, in a regionally and 
Spatially distinct pattern (142 ,148 ). Enteroendocrine cells contain 
basally oriented, small, but distinct, deeply eosinophilic granules 
(137 ,142 ). The round, smoothly contoured nuclei of 
enteroendocrine cells are pushed lumenally, with opposite polarity 
to the other epithelial cell types (Figure 25.7 ). 


Enteroendocrine cells may be further identified by their 
histochemical silver staining properties and may also be identified 
immunohistochemically with varying immunoreactivity to 
chromogranin A, synaptophysin, neuron-specific enolase, and 
specific antibodies to the putative peptide hormone of the cell or 
cell proliferation (i.e., carcinoid tumor) (Table 25.1 ). 


Paneth's Cells 


Paneth's cells disregard the rule of luminal migration and are 
normally encountered at the base of the crypts, within the midgut- 
derived right colon (13 ,65 ,114 ,128 ,135 ). These pyramidal- 
Shaped cells have basally aligned oval nuclei and apical coarse, 
densely eosinophilic cytoplasmic granules (Figure 25.7 ) (13 ,65 ). 
Granule and cellular contents include: {+-defensins, {2?-defensins, 
NOD2, lysozyme, phospholipase A2, secretory leukocyte inhibitor, 
monomer IgA, TNF-i+, heavy metal ions, zinc binding protein, 
trypsin and trypsinogen, EGF, osteopontin, FAS ligand (CD95L), 


CD44v6, CD15, REG protein, and numerous others (65 ,128 ,135 
,L49 ,150 ). The diverse Paneth's cell contents reflect their 
significant role in innate immunity. Additionally putative roles in 
regulation of cell matrix interactions, apoptosis, and cellular 
immunity, as well as stem-cell niche maintenance, have been 
proposed (65 ,128 ,135 ,149 ,151 ). 


In addition to characteristic granule staining with H&E stains, 
granules are conspicuously stained by periodic acid-Schiff, and 
phloxine-tartrazine (65 ); and, interestingly, Paneth's cell 

autofluorescence is elicited by eosin stain (Table 25.2 ) (114 ). 


M Cells and Follicle-Associated Epithelium 


Membranous (M) cells are distinctive epithelial cells that occur in 
the dome region of organized lymphoid follicles and associated 
with both the immunologic cells and variants of absorptive 
colonocytes (the follicle associated epithelium) unique to the dome 
region (59 ,126 ,128 ,152 ,154 ). Estimates of M cells in human 
colon vary widely, reported from a€oerarea€* to approximately 
10% of surface epithelial cells (126 ,153 ,154 ,155 ,156 ). Light 
microscopy has insufficient magnification to distinguish the unique 
features of M cells (reduced numbers of an irregular microvilli, 
apical microfolds, absence of thick filamentous brush border 
glycocalyx, and the presence of an unusual subdomain of the 
basolateral membrane that amplifies the cell surface and forms an 
intraepithelial pocket) visible with electron microscopy. The M cell 
intraepithelial pocket provides a 
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docking site for special populations of intraepithelial B and T 
lymphocytes, along with a small number of macrophages; and 
immediately overlies the dome region of lymphoid follicles (126 
,152 ,153 ,154 ). These unique morphologic features provide local, 
functional openings in the epithelial barrier through which M cells 
Sample the contents of the lumen and transfer antigents to 


antigen-presenting cells via a specialized method of transcytosis 
(67 ,71 ,152 ,155 ). The follicle associated crypts contains few or 
no goblet cells, enteroendocrine cells or Paneth cells (153 ,155 ). 
These closely apposed columnar enterocytes may mimic features 
of low grade cytologic dysplasia (adenoma), particularly with 
distortion of the crypt architecture generally produced by the 
adjacent lymphoid aggregate. 


I ntraepithelial Inflammatory Cells 


Intraepithelial lymphocytes (IELS) occur in two compartments: 
within the paracellular spaces of the absorptive epithelium and in 
highest density associated with lymphoid aggregates within M-cell 
pockets (Figure 25.8 ) (125 ,127 ,157 ,158 ,159 ). The former are 
predominantly CD3+, CD8+, TCR-i+i2+ suppressor T cells, with 
between 15 and 40% TCR-I3i°+ T cells, while the latter are 
mixture of CD3+/CD45RO+ activated memory, some CD45RA+ 
naive T cells, and IgM-secreting B cells (86 ,127 ,160 ,161 ,162 ). 
Intraepithelial lymphocytes are the first members of the immune 
system to encounter dietary antigens and commensal and 
pathologic microorganisms, and they likely play an integral role in 
oral tolerance (58 ,158 ,161 ,163 ,164 ,165 ). The IELs home 
toward their intraepithelial destination, migrating along various 
chemokine gradients produced by adjacent epithelial, 
inflammatory, and mesenchymal cells (59 ,166 ). 


Nuclear molding and indistinct cytoplasmic contours are 
characteristic of IELS as they extend through the basement 
membrane to occupy paracellular spaces (Figure 25.8 ). Retention 
of the classic lymphocyte round nucleus and thin rim of cytoplasm 
is more common in IELs overlying aggregates. Normal IEL density 
ranges from 1 to 5 lymphocytes per 100 colonocytes, except in 
follicle-associated epithelium, where M-cell associated IELs are 
abundant (162 ). The number of IELs decreases from the 
ascending colon to rectum, with highest concentration in the 


lymphoid aggregate and commensal bacteria-rich cecum (125 ,126 
). It is imperative to ascertain the site of each colon biopsy to 
avoid misinterpretation of normal IEL density in right colon 
biopsies as lymphocytic colitis (Table 25.2 ). Generally, 20 or 
greater lymphocytes per 100 colonocytes are considered 
pathologic (59 ,125 ,127 ,168 ). 


Figure 25.8 Intraepithelial lymphocytes (IELs) overlying a 
lymphoid follicle. Large numbers of IELs are typically seen 
overlying lymphoid aggregates. This should not be misinterpreted 
as lymphocytic colitis. 


Intraepithelial eosinophils may occasionally be seen in the normal 
colon, although at much lower numbers than lymphocytes (168 
,169 ,170 ). 


Stem and Dividing Transit Cells 


It is estimated that between four and six stem cells are present 
per crypt, with some dividing transit cells apparently able to be 
a€cerecruiteda€* to serve as stem cells following injury with stem 
cell loss (31 ). These proliferative and undifferentiated cells are 
morphologically indistinct; however, they appear to have a large 
nucleus with diffuse chromatin and scant cytoplasm with few small 
organelles (13 ,128 ). Mitotic activity is frequently encountered in 
the basal one-fifth of the crypt, and apoptosis may also be seen 
(129 131,134). 


Apoptosis 
The epithelial cells of the colon have remarkably short life spans 
(Table 25.3 ), during which they mature, migrate, and function (13 
,21 ,33 ,47 ,131 ,134 ,171 ). Programmed cell 
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death (apoptosis), is the conclusion of the normal process of 
colonocyte turnover, recognizable histologically by identification of 
apoptotic bodies and debris predominantly in the surface 
epithelium (Figure 25.9 ), and less frequently within the colonic 
crypts. Apoptotic bodies consist of vacuoles containing pyknotic 
nuclear debris, are surrounded by free space, and generally are at 
the basal portion of the epithelium or immediately subjacent to the 
basement membrane (23 ,132 ,134 ,172 ,173 ,174 ,175 ,176 ,177 
,178 ,179 ,180 ). Lamina propria inflammatory cells similarly 
undergo apoptosis; however, this is frequently overlooked 
histologically (174 ,181 ,182 ). Sodium phosphate bowel 
preparations transiently increase the rate of apoptosis (see Bowel 
Preparation , below); similar effects are seen with other physical 
and chemical agents. Increased apoptosis (both surface and/or 
crypt) may also be seen in several disease states, including graft- 
versus-host disease, autoimmune enteropathies, systemic 
autoimmune disorders, and with certain medications (70 ,183 ,184 


). Altered apoptosis (increased, decreased, 
in neoplastic progression (185 ). 


localization) is seen 
Absorptive Colonocyte 
4a€“8 days 
3285a€“6570 

Goblet Cell 

3a€"“4 days 


6570a€“8760 
Enteroendocrine 
10a€“15 days 
1750a€“2630 
Paneth Cell 
20 days 
1300 

M Cell 
Unknown 
Unknown 
Stem Cell 
8.2 years 
9a€“10 


Cell 


Lineage/ Niche 


Cell Type Life Span Number 


and abnormal 


of Replacements/ Life 


of Turnover, 


Table 25.3 The Life Span of the Various Colon Epithelial 
Cells and Number of Replacements Per Average Human 
Life Span Vary Between Cell Types. Despite the High Rate 
Preservation of Genetic 
Rule Rather than the Exception 


Information is the 


Basement Membrane 


The basement membrane complex anchors the various epithelial 


cells to the underlying myofibroblast network and 


lamina propria. 


This fenestrated extracellular Support matrix is produced 
collaboratively by epithelial and mesenchymal cells (98 ,126 ,129 
,186 ). Basement membrane composition varies, regulated by 
several factors produced by the epithelium, myofibroblasts, and 
lamina propria cells (126 ,129 ,186 ,187 ). In addition to allowing 
intraepithelial lymphocytes to traverse the basement membrane, 
the fenestrations allow epithelial, mesenchymal, and dendritic cell 
processes to sample and/or present antigens and have functional 
implications in water and ion transport (21 ,32 ,129 ). 


Figure 25.9 Apoptosis. Two apoptotic bodies are seen within the 
surface epithelium (arrows ). 
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Figure 25.10 Normal basement membrane. The normal basement 
membrane is 3 to 5 Aum thick and has a crisp, delicate, and 
regular lower border; it blends into the crypt sheath imperceptibly 
(trichrome stain). 


In well-oriented sections, the normal basement membrane is 
between 3 Aum and 5 Aum thick, regular, and stains with 
connective tissue stains (Masson's trichrome, saffron, eosin von 
Gieson elastin) (Figure 25.10 ) (187 ,188 ). Similar to Paneth's 
cells, autofluorescence is elicited with eosin stain (115 ). 
Basement membrane thickness greater than 10 mm is considered 
pathologic, as is irregularity of the basement membrane, 
particularly entrapping superficial lamina propria capillaries (115 
,187 ). 


Lamina Propria 


The lamina propria invests the colonic crypts, extending from the 
fenestrated basement membrane complex to the muscularis 
mucosae. The various lamina propria inflammatory and 
mesenchymal cells are organized within extracellular matrix, each 


performing integral immunologic, metabolic, proliferative, and 
motility functions. 


Lamina Propria Inflammatory Cells 


As dictated by the wide array of immunologic functions performed 
by the colonic mucosa, the lamina propria houses localized 
antigen-sampling and processing factories, with over 30,000 
discrete lymphoid aggregates, concentrated within the blind-ended 
cecum and distributed along the length of the colon (189 ,190 ). 
In addition to lymphoid aggregates, the normal colon contains 
mature B lymphocytes, plasma cells, T lymphocytes [helper, 
Suppressor, and lymphokine-activated killer (LAK) cells, but 
unlikely natural killer (NK) cells], eosinophils, mast cells, and 
macrophages, in combination filling between 30 and 50% of the 
a€cefreea€* lamina propria space (22 ). Normally, there is a 
decreasing inflammatory cell gradient from lumen to 
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muscularis mucosae, in which the lamina propria loose connective 
tissue is obscured within the superficial aspect of the lamina 
propria but becomes visible approaching the muscularis mucosa 
(191 ). The predominant cell type of the lamina propria is the IgA- 
secreting plasma cell, with much smaller proportions of IgM-, IgE-, 
and IgG-secreting plasma cells also present (181 ,192 ). Secreted 
IgA and IgM are transported luminally, providing humoral immune 
protection (138 ,181 ,192 ). The distinct a€cecartwheela€ e 
nucleus, perinuclear Golgi zone, and amphophilic cytoplasm 
characteristic of plasma cells observed in other tissues are 
retained in colonic plasma cells. Of the remaining lamina propria 
lymphocytes, more than 90% of the lymphocytes were CD3+ T 
cells, with fewer than 50% also CD8+ (126 ,127 ,159 ). There are 
also CD 20-positive B lymphocytes present within and adjacent to 
lymphoid follicles (71,76 ,78 ,138 ,193 ). 


Myeloid cells that normally reside in the lamina propria include 


eosinophils and mast cells. In the normal colon, the number of 
eosinophils is highly variable, dependent upon both the region of 
colon sampled (168 ,169 ,170 ,171 ,172 ,194 ) and the geographic 
residence of the patient (195 ). A range of normal eosinophil 
counts in the lamina propria has been reported as O to 8 per high- 
power field (hpf); however, the eosinophil concentration should be 
interpreted on the basis of the a€cecompany it keepsa€e (i.e., 
other features of colitis versus otherwise normal) (Rodger C. 
Haggitt, MD, personal communication). Higher mean eosinophil 
concentration is seen in biopsies of patients from the southern 
United States, compared to the northern United States, with a 
rather extreme degree of variability (195 ). Although eosinophils 
are increased in parasitic and allergic disease, collagenous colitis, 
ulcerative colitis, Crohn's disease, and other pathologic conditions, 
consideration of the geographic residence and site of biopsy are 
integral prior to considering increased eosinophils (as an isolated 
histologic finding) to be pathologic (170 ,195 ). Mast cells, or 
tissue based basophils, are less numerous than eosinophils, and 
their density appears to be increased in the ileocecal region 
compared with other sites of the colon (196 ,197 ). Mast cells are 
difficult to distinguish with routine H&E, but stain well with 
Giemsa, toluidine blue, tryptase, and CD117 (c-kit) (Figure 25.11, 
Table 25.2 ) (194 ). Neutrophils are not normally seen in any 
Significant number within the lamina propria, although they may 
be seen in areas of hemorrhage and within blood vessels. 


Macrophages are commonly seen scattered throughout the lamina 
propria and are occasionally concentrated at the basal aspect of 
the crypts (70 ,198 ,199 ,200 ,201 ) (Figure 25.12 ). While 
macrophages are generally difficult to see with H&E stains, 
visualization may be enhanced by specific histochemical stains that 
detect the variety of materials they scavenge and store: apoptotic 
debris, microbes, lipofuscin, cholesterol esters, gangliosides, 
mucolipids, glycogen, mucopolysaccharides, and others (Figure 
25.12 , Table 25.2 ) (199 ,200 ). Muciphages are the most 


commonly recognized macrophages, ingesting mucin exuded from 
adjacent goblet cells (and to a lesser extent enterocytes) that 
crosses the basement membrane. These normal constituents of the 
lamina propria have increased concentration within the left colon, 
in keeping with the increased number of goblet cells present in 
this location. Distention of the lamina propria with the appearance 
of replacement of other lamina propria inflammatory cells is rarely 
normal and may indicate bacterial or fungal ingestion/infection 
(e.g., Tropheryma  whippelii , Mycobacterium avium-intracellulare 
complex, Histoplasma capsulatum, and others) or various 
metabolic storage disorders, requiring use of histochemical, PCR, 
or electron microscopic methodologies as well as further 
laboratory evaluation (97 ,105 ,202 ,203 ,204 ,205 ). 
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Figure 25.11 Mucosal mast cells. Although difficult to discern on 
H&E-stained sections, mucosal mast cells are easily identified with 


CD117. Mucosal mast cells serve well as an internal control when 
evaluating CD117 stains of gastrointestinal tract mesenchymal 
tumors. (Anti-CD117 stain.) 


Plasmacytoid dendritic cells are scattered throughout the lamina 
propria, while stellate dendritic cells are concentrated in the 
subepithelial dome space associated with lymphoid follicles (78 
,138 ,206 ,207 ). These are histologically indistinct and frequently 
require immunohistochemistry for definitive identification (Table 
25.2) (70 ,71 ,76 ,138 ). The former have recently been 
implicated in allergic and autoimmune disorders (88 ), while the 
latter are integral in antigen presentation (70 ,73 ,208 ). 
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Figure 25.12 Lamina propria muciphages. A. These pale 
macrophages at the base of the mucosa are stuffed with mucins. 
This finding is not infrequent and does not generally correlate with 
disease. B. The same area stained with Alcian blue pH2.5; the 
muciphages show strong cytoplasmic staining. Similar findings are 
seen with PAS with diastase digestion. Of note, bacteria-laden 
macrophages in Whipple's disease are generally negative when 
stained with Alcian blue pH 2.5 but densely stain with PAS with 
diastase. 
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Myofibroblasts (Pericrypt Myofibroblast 
Sheath and Lamina Propria 
Myofibroblasts) 


The lamina propria contains two distinct populations of 
myofibroblasts: the pericrypt myofibroblast sheath and the 
subepithelial myofibroblast (SEM) syncytia. Interacting closely with 
the epithelium, lamina propria inflammatory cells, and the 
muscularis mucosa, myofibroblasts function in absorption, ion and 
mucin secretion, immune regulation, and differentiation 
(maintenance of stem cell niche) (521,124 ,209 ). The rim of 
fusiform cells organized in close apposition to each colonic crypt 
was originally designated the pericryptal fibroblastic sheath 
(Figure 25.13 ) (186 ,209 ). This specialized population of 
mesenchymal cells is now known to be a syncytium (both 
anatomically and functionally) of cells that surrounds the crypts 
and extends into the lamina propria, forming a reticular network 
within the extracellular matrix, attaching to one another with both 
gap and adherens junctions (83 ,92 ,186 ,209 ,210 ), and 
displaying distinct immunophenotypes (Table 25.2 ). 


In the region of the crypts, the myofibroblasts are oval and 
scaphoid in appearance and appear to overlap like shingles on a 
roof. The SEMs exist in two distinct morphological states: (a) the 
activated myofibroblast and (b) the stellate transformed 
myofibroblast, similar in appearance to macrophage dendritic cells 
(186 ,209 ). Myofibroblasts often are surrounded by an incomplete 
basal lamina and embedded in a subepithelial sheet of reticular 
fibers that also contains fenestrae or foramina through which 
lymphocytes and macrophages traverse. Gap junctions couple 
some myofibroblasts to the tissue smooth muscle, and the cells 
are commonly in close apposition to varicosities of nerve fibers; 
however, it is has not been determined whether the interstitial cell 
of Cajal network is physically connected to the SEM network (186 
,209 ,211 ). 


Vasculature and _ Lymphatics 


Vasculature is limited to capillaries and high endothelial venules 
scattered throughout lamina propria and to 
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lymphatic channels immediately superficial to the muscularis 
mucosa (212 ,213 ). Capillaries are composed of a circumferential 
endothelial lining and may contain red blood cells as well as 
inflammatory cells. Irregularly shaped, distorted, and engorged 
capillaries frequently indicate prolapse of the mucosa. In addition 
to provision of oxygen and nutrients to mucosal cells, vascular 
adhesion molecules participate in appropriate a€cehominga€s of 
circulating lymphocytes to their appropriate colonic 
microenvironment. Lymphatic tributaries rarely initiate within the 
lamina propria; however, when present, they appear to have 
thinner walls and cross the muscularis mucosae to join the readily 
observed submucosal lymphatics (213 ,214 ,215 ). Definitive 
differentiation between capillaries and lymphatics requires 
immunohistochemical analysis (Table 25.2 ) (84 ,94 ,100 ,216 ). 
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Figure 25.13 Lamina propria myofibroblasts, antimuscle-specific 
actin (MSA) stain. This stain for muscle-specific actin highlights 
the pericryptal myofibroblast sheath, muscularis mucosae, and 

submucosal blood vessels. 


a 


Muscularis Mucosae 


Forming the deep limiting boundary of the lamina propria is a thin 
layer of smooth muscle, the muscularis mucosae. This muscle 
layer is physically tethered to the mucosa, with occasional smooth 
muscle cells extending into the lamina propria or coalescing with 
the pericryptal myofibroblast sheath. The muscularis mucosae 


receives innervation via the submucosal plexus (92 ,217 ,218 ). 
Because the colonic glands are tethered to the muscularis mucosa, 
this structure is valuable in evaluating crypt architecture in 
endoscopic biopsies. Biopsies that do not contain muscularis 
mucosae may resemble architectural distortion, with glands 
adopting horizontal or curved configurations. Careful examination 
of other biopsy fragments with muscularis mucosae, as well as 
assessment for other features of mucosal injury (Table 25.1 ), 
may allow an accurate diagnosis. The muscularis mucosa is 
normally traversed by lymphoglandular complexes (Figure 25.5 ), 
vascular channels, and neural twiglets and participates in 
absorptive, secretory, proliferative, and possibly motility 
functions. Isolated thickening may occur with prolapse of the 
overlying mucosa and adjacent to diverticular orifices. Clear 
duplication of the muscularis mucosae is generally considered a 
feature of chronic mucosal injury. 


Submucosa 


The submucosa is composed of loosely arranged bundles of smooth 
muscle, fibroelastic tissue, and adipose, in which the local enteric 
nervous system, vasculature, and lymphatics are embedded. 
Lymphatic channels may be conspicuous and dilated immediately 
beneath the submucosa and do not contain cellular elements (213 
,214 ,216 ). Sparse inflammatory cells (relative to the dense 
a€cephysiologica€* inflammation of the mucosa) are scattered 
throughout, occasionally organized as submucosal lymphoid 
aggregates. The submucosa provides a flexible matrixa€”allowing 
the mucosa to glide and move freely over the rigid muscularis 
mucosae during peristalsis. 


Submucosal smooth muscle consists of loosely woven fascicles of 
individual smooth muscle cells, forming small bundles. These 
smooth muscle collections are closely apposed to interstitial cells 
of Cajal, which in turn are immediately adjacent to nerve 


varicositiesa€”forming the neuroeffector junctions that receive, 
transmit, and integrate central, parasympathetic, and sympathetic 
nervous system commands (211 ,219 ,220 ). The two submucosal 
neural plexuses are the submucosal plexus of Meissner (located 
immediately beneath the muscularis mucosae) and Henle's deep 
submucosal plexus (lying on the inner aspect of the muscularis 
propria). Neural plexuses are composed of neurons, glial cells, and 
stromal elements (221 ,222 ,223 ). Ganglion cells are unique in 
their histologic appearance with round or oval nuclei, a prominent 
(often eosinophilic) nucleolus, and ample basophilic cytoplasm 
stippled with Nissl substance (Figure 25.14 ). Ganglion cells 
characteristically cluster together and may mimic giant cells, 
epithelioid cells, or granulomas. Nerve axons are fibrillar and 
distinguishing these axons from fibroblasts or their elastofibrotic 
products may require the use of histochemical or 
immunohistochemical stains (Figure 25.14B , Table 25.2 ) (43 ,112 
,220 2205223) 224 ). 


Interstitial cells of Cajal (ICCs) are modified myofibroblasts. 
Histologic features evident with routine H&E stain include a 
fusiform cell body and large oval nucleus; silver stain or 
immunohistochemical evaluation will reveal two or more dendritic 
processes, connecting ICCs to one another, to ganglion cells, or to 
adjacent smooth muscle (210 ,220 ,225 ,226 ,227 ). These 
intriguing cells are thought to play an important role in the control 
of gut motor activity (220 ,228 ,229 ). The normal ICC density 
within the submucosa is substantially less than that seen 
surrounding the myenteric plexus (see below) (220 ,228 ,229 ,230 
). Arterioles (branches from the superior and inferior mesenteric 
arteries), venules, and lymphatics are present throughout the 
submucosa (Figure 25.15 ). These vessels in histologic sections 
are frequently distended by red blood cells and appear tortuous, 
with several cross sections of a single arteriole seen adjacent to 
one another within one field of section. 


The amount of adipose within the submucosa varies substantially 


between the right and left colon and among patients. The ileocecal 
valve and cecum submucosa may appear particularly expanded by 
mature adipocytes, resembling a lipoma. However, in the absence 
of the submucosal adipose forming a discrete, lobulated mass, this 
may be considered within the range of normal. 


Muscularis Externa, Subserosal Zone, 
and Serosa 


The muscularis propria or external smooth muscle layers of the 
colon consist of an inner circular layer and an outer 
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longitudinal layer (Figure 25.16 ) (231 ,232 ). Structural 
variations of the muscularis propria have been identified, which 
may reflect different motility and storage functions of various 
regions of the colon (225 ,226 ). Auerbach's plexus lies between 
the two muscle layers and resembles Meissner's plexus 
histologically. The interstitial cells of Cajal, the putative 
pacemaker cells of the gut that drive peristalsis, can be identified 
throughout the muscularis propria with immunizations for CD117 
and CD34 (Figure 25.17 ) (111 ,233 ,234 ). 


-. © G ? 
> Aat | " ‘ ry 
+ + ? > a 
‘ “a r , 
a me ' wy tte, oa 
ey 4 af 4 etn, 0 6%, Fl 
2 G8 = 2 
S240 a A fad 
-* è PT EO = oe ae > 
# 7 oo + "> - 
r = — - í # $ 
" ~ - ° “a. - 
-Æ -oaii 
1S Ag go 
bal Sa 
=, eo 4 > yea 
vF 4 
= x 


B 
Figure 25.14 Ganglion cells of Meissner's plexus. A. Submucosal 


nerve twigs and clusters of ganglion cells comprising Meissner's 
plexus. (H&E stain, x20). B. Same area stained with S-100 


(hematoxylin counter stain), highlighting the Schwann cells. The 
ganglion cells on the left are conspicuously negative with S-100 
(also x20). 


m 


Figure 25.15 Colonic submucosal vasculature. Most of the blood 
vessels in this section contain erythrocytes. 


m 


Patients with motility disorders may have decreased numbers of 
these cells within their bowel walls (231 ,232 ). The muscularis is 
perforated by blood and lymphatic vessels and is encased in a 
subserosal zone of fibroadipose tissue. Strictly speaking, the 
serosa is limited to the mesothelial lining and immediately 
adjacent fibroelastic tissue. 


Figure 25.16 Muscularis propria and subserosal tissue. Both 
layers of the muscularis propria can be seen with the neural tissue 
of Auerbach's plexus. Below the muscle layers is the fibrovascular 
adipose tissue of the subserosa. 
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Figure 25.17 Interstitial cells of Cajal (ICC). The CD117 strongly 
positive, dendritic-appearing cells between the muscle layers and 
surrounding Auerbach's plexus are the ICCs. These cells are 
considered to be the pacemaker cell of the gut and perform other 
functions in gut motility. (Anti-CD117_ stain.) 


Effects of Preparation and Artifacts 


Bowel Preparation Effects 


The most commonly used bowel preparations for colonoscopy and 
sigmoidoscopy (sodium phosphate enemas, bisacodyl enemas and 
Suppositories, dioctyl sodium  sulfosuccinate, soapsuds enemas) 
can produce abnormalities of the mucosa that may mimic or 
obscure inflammatory conditions and impart an edematous or 
hyperemic appearance of the mucosa to the endoscopist (235 ,236 
,237 ). Histologic features suggesting bowel preparation include: 
flattening of the absorptive colonocytes to a cuboidal shape, 
reduction in goblet cell mucus (due to increased mucus secretion), 
detached surface epithelium leaving an exposed basement 
membrane, minimal or focal surface epithelial and crypt 
neutrophilic infiltrate, accentuated extravasation of red blood cells 
within the lamina propria, and increase in crypt or surface 
epithelial apoptosis (Figure 25.18 ). Oral sodium phosphate incites 
exaggeration of the previously described features of bowel 
preparation. Endoscopically visible aphthous erosions, erosions, 
and uncommonly frank ulcers have been reported. Histologically, 
neutrophilic cryptitis and increased basal apoptosis may be seen in 
addition to other common features of bowel preparation (Figure 
25.19 ) (235 ,238 ,239 ). This basal apoptosis is histologically 
identical to low-grade graft-versus-host disease. Hence, oral 
sodium phosphate bowel preparations should not be used in bone 
marrow transplant patients. Although bowel preparation histologic 
changes may not interfere with rendering a polyp diagnosis, subtle 
inflammatory changes may be overlooked in the midst of various 
bowel preparation changes or alternately misdiagnosed as a 
pathologic condition. In the evaluation of patients for reasons 
other than colorectal cancer screening, bowel preparation with 
polyethylene glycol is suggested, as it appears to incite minimal 
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histologic alterations (240 ,241 ). Nonetheless, polyethylene glycol 
preparation has also been reported in randomized trials to result 
in superficial mucus loss, epithelial cell loss, lymphocyte and 
neutrophil infiltration, and rarely aphthous erosions (242 ). 


Figure 25.18 Enema effect. There is edema with extravasation 
and lysis of red blood cells (hemorrhage) within the lamina 
propria. The surface epithelium is largely denuded. Mucin depletion 
due to induced goblet cell secretion and increased apoptosis may 
also be seen. 


Incorrect Tissue Orientation and 
Tangential Sectioning 


Difficulties with proper tissue orientation are most common to 
endoscopically procured biopsy specimens, owing 
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to their small size (sometimes as small as 2 mm). In both 
endoscopic biopsies and surgical resections, the most accurate 
interpretation is possible when the tissue is sectioned 
perpendicular to the plane of the surface epithelium. Evaluation of 
crypt architecture, inflammatory cell gradient, and thickness and 


regularity of the subepithelial collagen band may be hindered 
significantly by tangential sectioning (Table 25.1 ) (243 ). The 
appearance of acini (doughnuts) rather than a€cetest tubesa€e 
within the lamina propria is a clear indication of tangential 
sectioning. Features of chronic mucosal injury may not be sampled 
in tangential sections that contain only the superficial most 
aspects of the mucosa. Cytoplasm of adjacent colonocytes in 
tangentially sectioned tissue may mimic a thickened (but regular) 
collagen band, risking a misinterpretation of collagenous colitis 
(Figure 25.20 ). Tangential sections with exaggerated samples of 
the basal portions of colonic crypts show cross sections of less 
mature colonocytes with larger nuclei, less cytoplasm, and without 
adjacent goblet cells, thus mimicking the features of a tubular 
adenoma. 


Figure 25.19 Oral sodium phosphate bowel preparation effect. 
Colonic crypts with apoptotic bodies and neutrophils are secondary 
to the effects of bowel preparation. Such changes could easily be 
interpreted as representing infectious colitis or graft-versus-host 
disease (GVHD) in the right clinical setting. 


Figure 25.20 Normal colon mimicking collagenous colitis. A. This 
normal mucosa shows blending of the colonocyte cytoplasm with 
the basement membrane to give the illusion of a thickened 
subepithelial collagen table. Note that there is no surface damage 
or colitis present. B. This trichrome stained section shows focal 
thickening in an area where the crypt sheath joins the surface 
tangentially. Care must be taken when evaluating tangential 
sections. Again note the lack of colitis or surface damage. 


Tissue Trauma 


Tissue trauma occurs with avulsion of the mucosa during forceps 
biopsy or in improper handling in the pathology gross room. The 
former may produce endoscopically visible edema, petechiae, 
friability, tears, and hemorrhage (241 ,243 ), and there may be 
histologic features of a€oecrusha€* artifact. Biopsy samples may 
contain increased cell free space in the lamina propria, resembling 
edema and extravasation of red blood cells primarily into the 
luminal portion of the lamina propria. In the absence of other 
features of mucosal inflammation (i.e., neutrophilic inflammation), 
these features should not be considered pathologic. Polyfoam pads 
may cause triangular artifacts in biopsy material and are not 
recommended (244 ). Despite relative fixation, crush artifact may 
occur with pressure applied to biopsy material with rigid forceps. 
Use of a plastic pipette with large bore opening (i.e., cutting the 


tip off of a disposable pipette) to transfer biopsy material to the 
cassette avoids crush artifact. Crushing of the tissue results in 
crowding of glands and epithelial cells and is accompanied by 
stripping of the surface epithelium that then dislodges into the 
lumen. 


Pseudolipomatosis 


Pseudolipomatosis is characterized by vacuolated, unlined spaces 
in the lamina propria and mucosa that resemble loosely arranged 
adipocytes (Figure 25.21 ). These lesions are due to air trapping 
from insufflation of the colon during endoscopy (245 ). 


Electrocautery 


Endoscopic removal of polyps with electrocautery (â€œhotâ€ e 
biopsy, or snare) frequently results in thermodessication of the 
tissue, compressing crypts together and altering the nuclear 
features. Characteristically, the crypts are closely apposed, with 
elongated, pyknotic and distorted nuclei (Figure 25.22 ). These 
features may be difficult or impossible to distinguish from a 
tubular adenoma. Prolonged electrodesiccation may result in loss 
of both overall architecture and nuclear detail. 
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Figure 25.21 Pseudolipomatosis. The clear spaces within this 
lymphoid aggregate represent air bubbles due to insufflation 
during endoscopy. This artifact is frequently misinterpreted as 
adipose _ tissue/lipoma. 


m 


Figure 25.22 Electrodesiccation and compression artifact in the 

bases of adjacent crypts in normal colonic mucosa produced by an 
endoscopic electrocautery snare. Affected nuclei are pyknotic and 
elongated. Colonic crypts distorted by this artifact may be difficult 
or impossible to differentiate from the tubules of an adenoma. 
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Vermiform Appendix 


Terry L. Gramlich 
Robert E. Petras 


Gross Anatomy/ Surgical Perspective 


The vermiform (wormlike) appendix is a slender tubular extension 
of the posteromedial aspect of the cecum originating below, and 
within 1 to 3 cm of, the ileocecal junction. Although the appendix 
has a relatively constant relationship with the cecum at the 
appendiceal base, the remainder of its length can be found in a 
variable number of positions, including retrocecal, subcecal, 
pelvic, and juxtaileal (1,2,3). A retrocecal position occurs most 
commonly, being present in nearly 70% of the population (3,4). 
Unusual locations, including a vermiform appendix buried within 
the cecal wall, have been documented (5). Although the appendix 
itself lacks taeniae, the base of the vermiform appendix lies at the 
convergence of the three cecal/ascending colon taeniae. These aid 
in locating the appendix when it is not readily apparent; the 
prominent anterior taenia is most easily traced for this purpose 
(1,6). 


Vermiform appendices can vary remarkably in length but average 
7 to 10 cm (2,4). The peritoneum covers almost all its external 
surface. The mesoappendix (mesentery of the appendix), a fold of 


peritoneum contiguous with the mesentery of the terminal ileum, 
extends along its length, terminating just proximal to the tip (1). 


The appendiceal vascular supply courses within the mesoappendix; 
and, with distal progression, these vessels gradually rest nearer to 
the appendiceal muscular wall. In the proximity of the tip where 
there is no mesoappendix, blood vessels lie essentially 
a€ceunprotecteda€* on its external surface (1). The appendicular 
artery, a derivative of the inferior branch of the ileocolic artery of 
the superior mesenteric trunk, provides the majority of blood to 
the appendix (4,7). However, a variable supply with accessory 
arterial contributions is not unusual (8). Branches of the _ ileocolic 
vein drain the appendiceal venous network into the superior 
mesenteric vein and eventually into the portal circulation, whereas 
lymphatic vessels drain into regional (e.g., ileocolic) lymph nodes 
(6). Innervation is derived from branches of the vagus 

P.650 
nerve (parasympathetic) and superior mesenteric plexus 
(sympathetic). Venous, lymphatic, and neural components closely 
follow the arterial vasculature (6). 


Grossly, the external surface of the vermiform appendix appears 
smooth, pink-tan or gray, and glistening. The appendiceal 
diameter typically measures 5 to 8 mm. The wall is tan-white and 
the mucosal lining is light yellow, often disclosing a nodular 
appearance imparted by the characteristic and prominent lymphoid 
component (9). Because of these lymphoid aggregates, the central 
lumen on cross section is often irregular (stellate) rather than 
round. The normal luminal diameter measures 1 to 3 mm; 
however, in one study a luminal diameter of 1.2 cm or more was 
arbitrarily defined as dilatation (10). Focal occlusions of the 
appendiceal lumen are not uncommon (9). 


Development of the Vermiform 


Appendix and Congenital Anomalies 


The vermiform appendix originates from the primordial structure 
termed the cecal diverticulum (5,11). First apparent during the 
sixth week of fetal life, this blind-ended sac progressively 
develops. Its most proximal portion, in continuity with the 
remainder of the large bowel, enlarges and expands, forming the 
cecum proper, whereas its distal aspect or apex simply elongates, 
remains narrow, and becomes the vermiform appendix (11). 
Continued growth through infancy and childhood leads to differing 
cecoappendiceal relationships over this period. For example, the 
a€ceinfantilea€* cecoappendiceal junction lacks a conspicuous 
transition; the appendix arises from the inferior aspect of the 
cecum in this age group. In contrast, an abrupt, easily 
recognizable junction on the posteromedial cecum is observed in 
the adult (2). 


Abnormal embryologic development can result in agenesis, 
hypoplasia, and various duplications or even triplication of the 
appendix (5,9,12,13,14). Duplication of the appendix can mimic 
cecal duplication. In general, appendiceal duplication is recognized 
by the presence of complete and separate inner circular and outer 
longitudinal muscle bands and the presence of a prominent 
lymphoid component (12). 


Duplications have been well described and categorized and can be 
associated with other complex and life-threatening congenital 
anomalies. The classification of appendiceal duplications includes 
type A, an appendix with a common base, single cecum, and 
bifurcated distal portion; type B, two separate appendices with 
distinct bases arising from a single cecum; and type C, two cecal 
structures, each with its own single appendix (12,13). The type C 
anomaly is always associated with other organ duplications and 
often necessitates extensive operative correction in infancy; a 
type B variant is also associated with other systemic anomalies 
(12). However, the majority of type B and all type A duplications 


are found incidentally or during operation for suspected 
appendicitis in older children and adults. 


Function 


The exact role of the appendix is uncertain. However, rather than 
simply representing a vestigial, functionless structure, the 
abundant quantity of organized lymphoid tissue suggests 
involvement in mucosal immunity (15). It has been suggested that 
B lymphocytes derived from the appendix migrate and populate 
distant sites of the gastrointestinal tract lamina propria and evolve 
in these widespread foci into functional immunoglobulin (lg)A- 
secreting plasma cells (15,16). In this role, the appendix can both 
attenuate potentially harmful immunoglobulin responses and 
enhance regional mucosal immunity (16). 


Normal Histology of the Appendix 


The histologic composition of the appendix is similar to that of the 
large bowel. The four layers, from its luminal to external surface, 
include the mucosa, submucosa, muscularis externa (or propria), 
and serosa. The distinctive features of the appendix are 
emphasized. 


Mucosal Architecture and Design 


A single layer of surface epithelium covers the luminal aspect of 
the appendiceal mucosa. This overlies the lamina propria within 
which crypts, or intestinal glands, contiguous with the surface 
epithelial cells are irregularly dispersed (Figure 26.1). The lamina 
propria is a cellular layer with an abundant migratory cell 
component and prominent, often 
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confluent, lymphoid aggregates. In contrast to the scattered 
lymphoid nodules within the large bowel proper, the appendix, 


particularly in young individuals, contains abundant and organized 
lymphoid structures spread around its entire luminal 
circumference. These lymphoid nodules often distort the luminal 
contour (9,17). The outermost component and limit of the mucosa 
is the muscularis mucosae. This slender fibromuscular band is 
poorly developed in the appendix and often focally deficient. 


Figure 26.1 Low-magnification view of a cross section of the 
vermiform appendix. The irregular (stellate) lumen is lined by 
a single layer of surface epithelium. The remainder of the 
mucosa (crypts, surrounding lamina propria, and the rather 
inconspicuous muscularis mucosae) surrounds this surface 
epithelial layer. Note the characteristic lymphoid nodules 
within the lamina propria that also extend into the submucosa. 


Surface Epithelium 


Several different cell types comprise the surface epithelium. A 
prominent cell that can be identified at the light microscopic level 


is tall and columnar with eosinophilic cytoplasm, and it has a 
round, basally located nucleus (Figure 26.2). These cells represent 
several distinct cell types that can be differentiated at the 
ultrastructural level, including a€cesenescenta€* mucous cells, so- 
called absorptive cells, and membranous or M cells (18,19,20,21). 
Goblet cells with distinctive apical mucin droplets surrounded by 
eosinophilic cytoplasm and undermined by an attenuated basal 
nucleus intermix with the columnar cells (Figure 26.2). The goblet 
cell apical mucin droplet contains both periodic acid-Schiff (PAS)- 
positive neutral mucin and Alcian bluea€“positive acid sulfomucin. 
This combination results in the formation of a blue-purple color in 
a mixed Alcian blue/PAS stain (19,22) (Figure 26.3). Overlying 
lymphoid aggregates, as in other portions of the small and large 
bowel, is a specialized or follicle-associated epithelium that is 
distinct from the surrounding surface epithelium. It 
characteristically has fewer goblet cells, and many of the columnar 
cells are of the M-cell type (22) (Figure 26.4). The M cell, a 
Specialized epithelial cell, assists in luminal transport of antigens 
into the epithelium for appropriate immunologic processing 
(23,24); M cells are columnar in shape with an attenuated brush 
border; several lymphocytes are often seen deforming their 
dependent cytoplasm. Definitive characterization rests on 
ultrastructural examination, which shows apical cytoplasmic 
vesicles and shortened microvilli or microfolds (21,23). Because 
circumferentially distributed organized lymphoid aggregates and 
lymphoid tissue are prominent in the normal appendix, the 
specialized follicle-associated epithelium often lines the majority of 
the appendiceal lumen. Thus, functionally, the surface epithelium 
is probably primarily involved in antigen processing, as well as in 
forming a barrier to luminal contents. The luminal surface is also 
the site where senescent cells are sloughed into the lumen 
(19,20). Scattered endocrine cells can be seen within the surface 
epithelium but are more abundant in the underlying crypts. 
Migratory T and B lymphocytes can be found anywhere within the 


surface epithelium (25,26) but are more abundant in the follicle- 
associated epithelium (Figure 26.4). 
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Figure 26.2 The surface epithelium is composed of a single 
layer of predominantly columnar cells with rare interspersed 
goblet cells. The crypt linings have a similar cellular 
composition but contain more goblet cells. 
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Figure 26.3 Because goblet cells contain both neutral and 
acid mucopolysaccharides, their apical mucin droplets stain 
blue-purple with the mixed Alcian blue/PAS preparation. 
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Figure 26.4 Surface epithelium overlying a lymphoid 
aggregate composed solely of tall columnar cells without 
intermixed goblet cells. Ultrastructurally, most of these would 
be classified as membranous or M cells. Note the increased 
numbers of intraepithelial lymphocytes between the individual 
columnar cells. Directly beneath the epithelium is the dome 
region of the lymphoid nodule. The apical portion of the 
germinal center with surrounding mantle zone is present near 
the bottom of the micrograph. 


Figure 26.5 Lymphoid aggregates are often a prominent 
component within the appendiceal mucosa. Note the absence 
of crypts in the region of the lymphoid nodules and the 
distortion of surrounding crypts. This is a normal finding in the 
appendix and is similar to the alteration associated with 
isolated lymphoid aggregates in the colon. 


Crypt Epithelium 


In contrast to the colon, where crypts line up evenly like test 
tubes in a rack, appendiceal crypts are more irregular in shape, 


length, and distribution (27). In areas with abundant lymphoid 
tissue or lymphoid aggregates, crypts are typically absent (28) 
(Figure 26.5). 


Several different cell types line the crypts. The goblet and 
columnar cell variants discussed above are the most abundant 
(Figures 26.2, 26.6). Undifferentiated stem cells are scattered 
about but are inconspicuous. These are typically located at the 
crypt base, rest on the basement membrane, and do not extend to 
the crypt lumen; they are best identified by ultrastructural means 
(19). Isolated or clustered endocrine cells are seen along the crypt 
epithelium. Their appearance varies from a flask-shaped cell with a 
narrow strip of apical cytoplasm contiguous with the surface to a 
spindle-shaped cell with no luminal connection (29,30). Although 
some endocrine cells can be recognized on hematoxylin and eosin 
(H&E) a€“stained sections by their eosinophilic, infranuclear 
granules (31) (Figure 26.6), 
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definitive identification rests on immunohistologic analysis for 
chromogranin (or other pan-reactive neuroendocrine marker) 
(Figure 26.7) or ultrastructural analysis, which discloses 
neurosecretory granules within their cytoplasm. More specific 
immunohistologic methods show that endocrine cells within the 
appendiceal epithelium contain a variety of amine and polypeptide 
substances, including serotonin, substance P, somatostatin, and 
enteroglucagon (32). Paneth's cells also can be found in the crypt 
bases within the normal appendix in nearly 96% of specimens 
(33,34,35). This cell has a basally situated, round nucleus with a 
conspicuous nucleolus and abundant eosinophilic supranuclear 
granules (Figure 26.8); their function remains unknown, but they 
probably play a role in microbial regulation (33). 


Figure 26.6 Crypts lying within a normocellular lamina 
propria. The round or ovoid crypts are lined predominantly by 
eosinophilic columnar cells and goblet cells. A single endocrine 
cell (containing infranuclear eosinophilic granules) is present 
at the base of each crypt. The lamina propria contains plasma 
cells, lymphocytes, and scattered eosinophils. Note the 
polygonal cells with abundant eosinophilic cytoplasm within the 
lamina propria. These are the subepithelial (laminal propria) 
endocrine cells that are often found near the crypt bases. 


Figure 26.7 Scattered endocrine cells within the epithelium of 
an appendiceal crypt highlighted with antichromogranin. 
Intense red-brown cytoplasmic staining is evident in these 
endocrine cells. 


Intraepithelial lymphocytes occur within the crypt epithelium 
(36,37), but neutrophils and plasma cells are not normal 
constituents of either epithelial compartment. Rarely, gastric, 
ileal, or esophageal squamous-type mucosa can be seen 
interrupting the normal appendiceal lining; some recognize these 
as true heterotopias (38,39,40). 


The crypt functions in cell production and renewal because all cells 
of both epithelial compartments originate from the crypt's stem 
cells. Most of these cells travel to the surface epithelium, where 
they are subsequently sloughed intraluminally; the exception 
(Paneth's cell) remains in the crypt base (36,37). It is believed 
that apoptosis within the crypt probably functions to regulate cell 
migration toward the surface; however, it is uncertain whether this 
type of cell death is responsible for epithelial cell loss into the 
lumen (41). 


Subepithelial Basement Membrane 


A slender zone separates the epithelial compartments from the 
lamina propria and is composed of collagen and other matrix 
components (42). The subepithelial basement membrane stabilizes 
the epithelial layers. A PAS stain can be used to highlight this 
layer, which measures only microns in thickness (20,42) (Figure 
26.3). 


Lamina Propria 


The lamina propria, the central layer of the mucosa, surrounds the 
crypts and forms a connective tissue framework around them. Its 
structural components are collagen and elastic fibers and 
associated fibroblasts intermingled with blood capillaries, 
lymphatics, and nerve fibers (18,19,20). As in the large bowel, its 
migratory cell component consists primarily of plasma cells and T 
lymphocytes, along with scattered macrophages, eosinophils, B 
lymphocytes, and mast cells (18,26,43) (Figures 26.6, 26.8). 
However, depending on an individual's age, a varying number of 
organized lymphoid nodules distort the lamina proprial 
architecture. These lymphoid aggregates can extend beneath the 
muscularis mucosae into the underlying submucosa (Figures 26.1, 
26.5), are often confluent, and appear similar in composition and 
function to the Peyer's patches of the small bowel (21). As in 
Peyer's patches (see Chapter 24), this lymphoid network of the 
appendix is compartmentalized into (a) follicle, (b) dome, (c) 
interfollicular (or parafollicular) region, and (d) follicle-associated 
epithelium (44,45,46) (Figure 26.9). The follicle has, in most 
cases, a germinal center containing a polymorphic cellular 
population of small and large B lymphocytes in various stages of 
maturation, occasional CD4+ T-helper cells, and tingible body 
macrophages; these reactive centers invariably contain mitoses 
(15,45,46,47) (Figure 26.10). Immediately surrounding the 


germinal center is the mantle zone, a darkly staining cuff of small, 
round B lymphocytes. Overlying the 
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lymphoid aggregate and beneath the epithelium is the dome region 
(mixed cell zone), which is composed of a heterogeneous 
population of cells including B and T lymphocytes, macrophages, 
and occasional plasma cells (21,46). Both the lymphoid aggregate 
and the dome region are supported by a structural framework 
provided by dendritic reticulum cells and their processes (16,47). 
A prominent collagenous network and closely associated lymphatic 
vessels surround and define the lymphoid nodule (16). This 
collagenous/fibrous border is contiguous with the connective tissue 
framework of the interfollicular zones and adjacent lamina propria 
(16). The zone surrounding a single lymphoid nodule 
(parafollicular region) and the area between confluent lymphoid 
aggregates (the interfollicular region) consist predominantly of T 
lymphocytes (46) (Figure 26.11). Moreover, the ratio of T- 
helper/inducer (CD4+) to T-suppressor/cytotoxic (CD8+) 
lymphocytes is normally about 8:1 in these T-lymphocytea€“rich 
areas (46). Finally, as detailed previously, the overlying epithelium 
is specialized and distinct from the usual surface epithelium. 


Figure 26.8 Appendiceal crypt disclosing Paneth's cell (at its 
base) with characteristic supranuclear eosinophilic granules. 
The surrounding lamina propria has a conspicuous, albeit 
normal, quantity of eosinophils. Also, note the golden brown, 
granular pigment within the macrophages, which is 
characteristic of melanosis. 


Figure 26.9 Characteristic lymphoid nodule within lamina 
propria of appendix. A germinal center forms the a€cecorea€e 
of the follicle and is surrounded, at least in part, by a mantle 
zone of small round lymphocytes. Between the overlying 
epithelium and the mantle is the dome, which contains a mixed 
cellular population of lymphocytes, plasma cells, and 


macrophages. A portion of the parafollicular area (T- 
lymphocyte zone) is seen. Lymphatic and blood vessels are 
seen beneath the lymphoid nodule in the underlying superficial 
submucosa. 


The immunophenotypic cellular composition of the appendiceal 
mucosa is different from the colon. Although the quantity of 
lymphoid and plasma cells containing IgA and IgM is similar in 
both, lgG-containing cells are more abundant in the appendix 
(15,46) (Figure 26.12). In fact, nearly 50% of the those along the 
follicle borders, including the dome region, are IgG 
immunoreactive, whereas lgA-containing cells are more abundant 
in distant lamina proprial sites (15). 


Lymphoid tissue, although a characteristic feature of the appendix, 
varies in quantity with age. The newborn's appendix contains scant 
or no lymphoid tissue. With increasing age the lymphoid nodules 
accumulate, peaking in the first decade (17,48). Lymphoid 
aggregates then steadily diminish in quantity throughout the 
remainder of life. However, appendices excised incidentally from 
middle-aged adults can still occasionally show a prominent 
organized lymphoid component (10). In contrast, lymphoid nodules 
and associated lymphocytes can be scant in the central obliterative 
form of appendiceal neuroma (fibrous obliteration of the 
appendiceal lumen) and occasionally in appendices removed from 
normal patients at any age (10). Thus, a great range of normal 
variation exists in the appendix with respect to its lymphoid 
content. 
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Figure 26.10 The germinal center and mantle zone contain 


predominantly B-lymphocytes. 
immunomarker, L26, 
immunophenotype. 


A pana€“B-lymphocyte 


discloses this characteristic 
Scattered macrophages and occasional T 


lymphocytes 
the germinal 
within the 


interfollicular zone and adjacent 


(see Figure 26.11) are also normally found within 
center. Only scattered B-lymphocytes are present 
lamina propria. 
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Figure 26.11 A pana€“T-cell immunomarker, Leu-22 (CD43), 
disclosing the characteristic T-lymphocyte distribution within 
the appendiceal mucosa. The lamina propria and interfollicular 
regions (between lymphoid follicles) are normally populated by 
numerous T lymphocytes. There is a sprinkling of T 
lymphocytes within the germinal center; these are 
predominantly T-helper/inducer (CD4+) lymphocytes. 


Histiocytes with intracellular golden-brown pigment (lipofuscin), 
not infrequently observed in the colonic mucosa, can also be found 
in the appendiceal lamina propria; this alteration results from 
anthracene-containing laxative abuse and has been termed 
melanosis coli when seen in the colon proper (9,49) (Figure 26.8). 
Interestingly, this pigmentation is a result of apoptosis induced by 
anthraquinones (41). 


The lamina propria of the appendix contains a well-developed 
mucosal nervous plexus that is different from the more prominent 
submucosal and myenteric plexuses. Although all contain neurons 
(ganglion cells), Schwann cells, and neural processes (axons and 
neuropil), only the mucosal plexus contains endocrine 
(neurosecretory) cells. AS a consequence, this network has been 
termed the mucosal neuroendocrine complex (50). These 
complexes, located just beneath the crypts, are composed of 
collections of endocrine cells and seen on H&Ea€“stained 
preparations as polygonal cells with pale granular cytoplasm 
(Figure 26.6), often intimately associated with spindled Schwann 
cells, neural processes, and occasional neurons. These collections, 
Or neuroendocrine ganglia, are interconnected by neural fibers 
that can be highlighted immunohistologically with antibody 
preparations to neuron-specific enolase and, in a subset, to 
substance P (32); antia€“S-100 also can outline this network as it 
marks the accompanying Schwann cells. The mucosal plexus also 
communicates with other neural networks of the enteric nervous 
system (50,51,52,53). The subepithelial endocrine cells are not 
always conspicuous but can be highlighted using general 
neuroendocrine immunomarkers, such as antichromogranin (Figure 
26.13) and antineuron-specific enolase, or by using electron 
microscopy (54,55). Most of these cells have been shown by 
specific immunohistologic analysis to contain serotonin (51,55). 
The mucosal neuroendocrine complex is believed to modulate 
neural communication, through serotonin mediators, between the 
epithelium and the deeper submucosal and intermuscular plexuses 
(55). Interestingly, because most appendiceal carcinoids are 
biphasic, consisting of an admixture of endocrine cells and S-100+ 
Schwann cells (similar to the architecture of the mucosal 
neuroendocrine complex), the majority of these appendiceal 
neoplasms are believed to be derived from these lamina propria 
endocrine cells rather than from the epithelium-based ones (51). 


Muscularis Mucosae 


The muscularis mucosae is a thin band of fibromuscular tissue 
separating the lamina propria and mucosal epithelium from the 
underlying submucosa. It characteristically forms a continuous 
layer in the large bowel (18); but, in the appendix, the muscularis 
mucosae is attenuated, poorly developed, and often focally absent, 
particularly in the region of penetrating lymphoid aggregates 
(28,56) (Figure 26.14). In these areas the muscularis mucosae 
may exist solely as isolated smooth muscle cells in the underlying 
submucosa (56). 


Submucosa 


The submucosa separates the mucosa from the muscularis 
externa. Its loose architectural framework contains a meshwork of 
collagenous and elastic fibers and associated fibroblasts (Figure 
26.15). The submucosa can also contain inconspicuous migratory 
cells, such as macrophages, lymphoid and plasma cells, and mast 
cells, along with adipose tissue (17,57) (Figure 26.14). The 
morphologic appearance of the appendiceal submucosa and its 
primary role in maintaining structure are similar throughout the 
gastrointestinal tract (57). Arterioles, venules, blood capillaries, 
and lymphatic vessels are a prominent component of the 
submucosa (7,18) (Figure 26.15). Lymphatic vessels (or sinuses) 
are most prominent just beneath the bases of lymphoid aggregates 
(16). Neural structures, particularly Meissner's 

P.656 
plexus, are also conspicuous (Figure 26.16). This plexus consists 
of ganglia, collections of neurons (ganglion cells) with associated 
neuronal processes, and Schwann cells that interconnect, creating 
a neural network throughout the submucosal layer (58,59). The 
ganglion cell is large and oval with abundant eosinophilic 
cytoplasm; its vesicular nucleus is often eccentrically placed and 
contains a prominent nucleolus. The surrounding spindle and wavy 


Schwann cell component of the ganglia is less conspicuous on 
H&Ea€“stained preparations but can be highlighted with antia€“S- 
100 (Figure 26.16). 


Figure 26.12 A. Immunohistologic preparation showing 
abundant IgA-containing plasma cells within lamina propria; 
the epithelial staining is a consequence of the secretory nature 
of the IgA molecule. B. Abundant IgG-bearing cells are 
characteristically located within the dome region and along the 
margins of lymphoid nodules in the appendix. 


Figure 26.13 Antichromogranin highlights the subepithelial 
(lamina propria) endocrine cells beneath the crypts. These are 
more prominent and abundant in the appendix than in any 
other portion of gastrointestinal tract. Note also the epithelial- 
based endocrine cell in the overlying crypt. 


Muscularis Externa, Subserosal Region, 
and the Serosa 


The thick smooth muscle layer lying between the submucosa and 
serosal portions of the appendix is the muscularis externa (or 
muscularis propria). It is separated into an inner circular layer and 


an outer longitudinal band (28). The individual smooth muscle 
cells are oval with blunted ends and form bundles of varying size. 
Occasionally, granular degeneration (eosinophilic cytoplasmic 
granularity) of individual or groups of smooth muscle cells is seen, 
particularly within the inner circular layer (56,60). Between the 
two muscle bands lies the myenteric (Auerbach's) plexus, which is 
similar morphologically and functionally to the previously 
described submucosal plexus of Meissner (59) (Figure 26.17). 
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Additionally, blood and lymphatic vessels and nerve fibers course 
through this muscular layer (16). Just external to the outer 
longitudinal smooth muscle layer is the subserosal region, 
consisting of loose connective tissue and ramifying blood vessels, 
lymphatics, and nerves. The exteriormost surface, or serosa, is 
lined by a single layer of cuboidal mesothelial cells that overlies a 
slender band of fibrous tissue. Only the attachment of the 
fibrofatty mesoappendix lacks a serosa (1). 


Figure 26.14 Characteristic focal deficiency of muscularis 


mucosae in region of lymphoid nodule. There is adipose tissue 
within the submucosa; this is a normal finding. 


Figure 26.15 Normal appendiceal submucosa outlined in blue, 
highlighting its prominent collagenous framework. Numerous 
vascular spaces are also present within this layer. The mucosa 
(crypts) is above, and the inner circular layer of the 
muscularis externa is below (Masson's trichrome). 


Figure 26.16 Submucosal neural network outlined with 
antia€“S-100. A single ganglion of Meissner's plexus is at the 
center; the ganglion cells (neurons) have abundant pale 
cytoplasm, a large eccentric nucleus, and show no 
immunoreactivity. The Schwann cells of the ganglion and those 
ensheathing the neuronal processes of the remainder of the 
plexus are highlighted. 
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Figure 26.17 Antia€“S-100 highlighting Schwann cells of the 
neural network of the muscularis externa and a ganglion of the 
myenteric (Auerbach's) plexus. 


Special Considerations 


Normal Variation of Mucosal 
Inflammation Versus Acute 
Appendicitis 


Acute appendicitis is usually characterized by an abundant 
neutrophilic and eosinophilic infiltrate within the mucosa, 
submucosa, and often muscularis externa with at least focal 
mucosal ulceration; frequently suppurative inflammation extends 
into and through the appendiceal wall (9,10). However, the 
changes seen in early appendicitis can be quite minimal, and 
criteria considered sufficient to diagnose early acute appendicitis 
have varied (9,10,61,62,63,64,65,66). We agree that 


P2658 


a€cereactivea€* lymphoid follicles are not a reliable sign of acute 
appendicitis (9). Focal collections of neutrophils within the lumen 
and lamina propria have been considered nondiagnostic by some 
investigators because many a€oeincidentala€* appendectomy 
specimens contain these changes (9,10,61,64,65,66). However, we 
believe that if care is taken to recognize marginating neutrophils 
and early mucosal migration of these acute inflammatory cells 
(i.e., a result of the operative procedure alone), then other 
collections of neutrophils within the mucosa or intraluminal pus 
reflect stasis, infection, and changes of early appendicitis 
(62,63,64). Whether acute appendicitis becomes chronic or 
whether it can be recognized in a chronic state has long been 
debated (63). Fibrous obliteration of the appendiceal lumen is 
probably not a sequelae of acute appendicitis (53). However, 
prominent fibrosis, a marked chronic inflammatory cell infiltrate 
within the wall, and granulation tissue are abnormal and suggest 
an organizing appendicitis (9). Occasional specimens exhibit 
infiltration of the appendiceal wall by eosinophilic leukocytes with 
no other apparent abnormality (10). This change could reflect 
appendicitis elsewhere in the specimen that was not sampled; 
however, it remains possible that an infiltrate composed 
predominantly of eosinophils could represent appendicitis in a 
resolving phase or be a manifestation of eosinophilic 
gastroenteritis (62,67,68). 


Obliteration of the Appendiceal Lumen 
(Appendiceal Neuromas) 


Obliteration of the appendiceal lumen with absence of the lining 
mucosa and underlying crypts frequently occurs and has a 
prevalence in surgical specimens of nearly 30% (9,53). This 
process usually affects the distal aspect or just the tip, but 
occasionally the entire lumen is obliterated. This process is often 
termed fibrous obliteration; however, more recent studies have 


shown that in some cases the occlusive proliferation appears to be 
predominantly neurogenic (32,53,69). Other diagnostic terms have 
been proposed, including neurogenic appendicopathy and 
appendiceal neuroma. The typical appendiceal neuroma, or the 
central obliterative form, is composed of a collection of spindle 
cells in a loose myxoid background with varying amounts of 
collagen, fat, and chronic inflammatory cells (Figures 
26.18,26.19). This typically occludes the lumen and blends 
imperceptibly with the surrounding submucosa (53). The involved 
segment usually lacks a mucosa, and lymphoid follicles are 
typically not seen (20). Immunostaining for neuron-specific 
enolase and S-100 highlights the spindle cells and identifies their 
neuronal (axons) and perineuronal (Schwann cell) nature, 
respectively (32,53) (Figure 26.20). Moreover, endocrine cells 
visualized with antineuron-specific enolase and = antichromogranin 
(Figure 26.21) occur in many of the cases, usually intermingled 
with the other elements; serotonin and somatostatin have been 
identified in some of these endocrine cells by immunohistologic 
methods (32,53). Ultrastructural analysis discloses neuronal 
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processes, Schwann cells, and cells with neurosecretory granules 
(endocrine cells) corroborating the immunostaining results (53). 


Figure 26.18 Obliteration of appendiceal lumen. The occlusive 
proliferation is composed of spindled cells within a collagenous 
and myxoid background, along with scattered adipocytes. A 
focus of chronic inflammatory cells is also present. 


Figure 26.19 High magnification of Figure 26.18 showing 


spindled cell proliferation in an eosinophilic, fibromyxoid 
background. 


Another variant of this entity, the intramucosal appendiceal 
neuroma, primarily affects the mucosa, causing no luminal 
obliteration. Although morphologically similar to the central 
obliterative form, this intramucosal variant deceptively expands 
the lamina propria, separates the crypts, and replaces the usual 
prominent migratory cell population (53) (Figure 26.22). 
Immunostaining with S-100 can be helpful in visualizing these 
more subtle changes. 


Both of these entities are believed to be proliferative rather than 
involutional, progressing through consecutive stages of growth, 
regression, and finally an end-stage with fibrosis (53,70). 
Overlapping features are therefore expected with varied 
admixtures of neurogenic components, collagen, and fat. It is 
hypothesized that associated endocrine cell hyperplasia, often 
found in adjacent uninvolved appendiceal segments, may be 
responsible for painful stimuli mimicking typical acute appendicitis 
(53). However, appendiceal neuromas are often found in 
specimens removed at incidental appendectomy. 


26.20 Prominent neurogenic (Schwann cell) 
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show some of these to contain serotonin or somatostatin. 


Mucocele of the Appendix 


The term mucocele has been used to describe a dilated 
appendiceal lumen filled with mucin (71). Mucocele, however, 
should not be used as a specific diagnostic term because the 
condition is almost always caused by a neoplastic proliferation, 
either a mucinous cystadenoma or mucinous cystadenocarcinoma 
(63,71,72). Characteristic architectural and cytologic features 
Should permit identification of these entities. 


Figure 26.22 Intramucosal variant of appendiceal neuroma. 
The characteristic subtle spindle cell (Schwannian) proliferation 
expands the lamina propria and separates the crypts. A 
diminished number of migratory cells is evident in this area. 
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Dissection and Processing Techniques 


Gross dissection and processing of the appendix are generally 
straightforward. Routine description of size, appearance, and any 
unusual lesions should be recorded. Luminal patency should be 
assessed (i.e., obliteration or dilatation) along with the focality 
and regional distribution of any changes. The tip should be closely 
inspected for carcinoid tumors because these commonly occur in 
the distal portion of the appendix (9,73). When grossly evident, 
they often appear as bulbous, tan-yellow expansions or nodules. 
However, a routine section of the tip is standard at most 
institutions and will identify small, grossly unidentifiable tumors 
(9). The common recommendation of a longitudinal section of the 
distal several centimeters is often difficult to orient, and we prefer 
a cross section of the tip. In the usual specimen, 1-cm serial 
cross-sectioning is performed along the entire length of the 
appendix. Two cross sections, one from the middle and one of the 
proximal line of resection, should be submitted for embedding. 
Because neoplastic proliferations of the appendix (e.g., mucinous 
cystadenoma/cystadenocarcinoma, carcinoid tumor, and_ its 
variants) are not infrequently discovered incidentally during 
microscopic evaluation of the specimen, we routinely sample the 
margin of resection. Otherwise, it could be difficult to reconstruct 
the gross specimen in an attempt to assess the adequacy of 
excision. The choice of a fixative is not crucial. However, we prefer 
the superior nuclear detail afforded by Hollande's solution over 
routine 4% formaldehyde solution. Modifications of dissection and 
processing may be necessary in certain situations. 
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Anal Canal 


Claus Fenger 


Introduction 


The anal canal has a complex anatomy and histology, and new 
information still turns up with regard to its embryology, structure, 
function, and pathology. Unfortunately, much confusion continues 
about definitions and nomenclature. This chapter therefore 
includes a historical review and a discussion of the terms used for 
the different structures (1 ). 


Historical Review 


Anal diseases and their treatment are mentioned as far back as 
the Egyptian papyri (2 ). Nevertheless, there are few early 
descriptions of anal anatomy. Of note is Galenos (130a€“200 AD), 
who compared the anus to a laced-up purse (3 ). The first 
observations on the anal canal mucosa were published by Glisson 
(1597a€“1677) (4 ), who noted the anal valves. In 1717, Morgagni 
(5 ) mentioned the anal columns and included the now famous 
drawing in the Adversaria (Figure 27.1 ); in addition, it shows 
pronounced papillae. In 1727, Heister (6 ) described the smooth 
zone between the anal valves and the perianal skin; and, in 1732, 
WinslAfw (7 ) described the semilunar lacunae between the valves 


and the bases of the anal columns. 


The first exact microscopic description of the different epithelial 
zones in the anal canal was given by Robin and Cadiat in 1874 (8 
). The perianal apocrine glands were found by Gay in 1871 (9), 
and in 1878 Chiari introduced the theory of the anal sinus infection 
in the pathogenesis of anal fistulas (10 ). Hermann and Desfosses' 
(11 ) microscopic description of anal glands followed shortly 
afterward. 
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Figure 27.1 The anal canal as seen by Morgagni. Reprinted from: 
Morgagni GB. Adversaria anatomica omnia. Advers III Animadv. 
VI. Patavii, Italy: Josephus Cominus; 1717:10a€“11. 


In 1877 Hilton (12 ) introduced the term white line for the junction 
between the skin and the mucous membrane and corresponding to 
the linear interval between the internal and external sphincter 
muscle. In 1896, Stroud (13 ) introduced the term pecten for the 
smooth area between the anal valves and Hilton's white line. 
However, later investigators recommended that use of the term 
Hilton's white line should be discontinued because no anatomic 
feature identified it (14,15 ). Detailed macroscopic and 
stereomicroscopic investigations of surgical specimens of the anal 
canal have not shown any such structure (16 ,17 ). 


The term anal canal was proposed by Symington in 1888 (18 ) for 


what had earlier been described as the third or perineal part of the 
rectum, that is, the part extending from the level of the pelvic 
floor backward and downward to the anal opening. This definition 
corresponds to the surgical anal canal , whereas the term anatomic 
anal canal has been used for the area between the line of anal 
valves and sinuses [dentate line (DL)] and the anal verge alone 
(Figure 27.2 ). The anal verge can be defined as the point (line) 
where the walls of the anal canal come in contact in their normal 
resting state (19 ). 


anorectal ring -------- 
anal columns 


anal valves and sinuses > surgical anal canal 


DENTATE LINE 


histological anal canal 


; anatomical anal canal 
tł 
anal verge, "anus" 


intersphincteric groove -- 


Figure 27.2 Schematic drawing of the anal canal showing the 
macroscopic landmarks. The a€oesurgicala€* and 
a€ceanatomicala€* anal canals have their lower border at the 
rather ill-defined anal verge, or anus. This point has sometimes 
been called the anal margin, whereas other authors have used this 
term for the same area as the anatomic anal canal. Hilton's 
a€cewhite linea€* was meant to be located at the intersphincteric 
groove; Stroud's a€cepectena€* was the area between the 
dentate line and Hilton's line. The a€oehistologica€* anal canal 
begins at the irregular upper border of the anal transitional zone 
(compare to Figures 27.9 ,27.10 ,27.11 ,27.12 ,27.13 ). 


As to embryology, Tourneux in 1888 (20 ) and Retterer in 1890 

(21 ) wrote that the cloacal membrane was divided into anal and 
urogenital membranes by a descending septum, thus giving basis 
for the often quoted but never illustrated delusion that the DL is 
the site of a former anal membrane. 


Embryology 


In the early embryo (Carnegie stage 13, crown-rump length 5 
mm), the primitive urogenital sinus and anorectal canal are 
separated by the urorectal septum and open into a common 
cloaca, which is closed at its ventral surface by the cloacal plate. 
As the embryo grows and its caudal curvature decreases, the 
distance between the urorectal septum and the cloacal plate 
decreases, but these two structures never fuse. 


Due to apoptosis, the dorsal part of the cloacal plate gradually 
becomes more like a membrane, which ruptures about 49 days 
postfertilization (Carnegie stage 19, crown-rump length 16a€“18 
mm). Soon after, a secondary occlusion of the anorectal canal 
occurs as a result of cell adhesion and formation of an epithelial 
a€cepluga€* at the level of the anal orifice. Recanalization takes 
place at 30 to 35 mm crown-rump length, again due to apoptosis. 
The cloaca itself does not contribute to the formation of the anus 
or rectum (22 ,23 ). The characteristic epithelium of the anal 
transitional zone is present already in the thirteenth week (Figure 
29323" N: 


The prevalence of anal anomalies in Europe is 4 per 10,000 births, 
and two-thirds occur together with other anomalies. Most of the 
isolated anomalies are atresias with or without fistula, and 90% of 
these are located below the levator ani. The etiology to anal 
atresia is still under discussion (24 ). 


Figure 27.3 Longitudinal section through the middle of an anal 
canal in a 13-week-old fetus. Squamous epithelium is seen in the 
lower part; anal transitional zone with the characteristic 
epithelium is seen in the upper part (H&E). 


Nomenclature of the Anal Canal 


It would seem natural to start with a definition of the anal canal; 
but, because there are several definitions and new terms are still 
introduced (25 ,26 ), a description of the anatomical landmarks 
and epithelial zones may be the best introduction to this never- 
ending discussion. 


Official Terms 
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Official terms (27 ) for the structures seen on the anal canal 
surface include columnae anales, sinus anales, valvulae anales, 
linea pectinata, pecten analis, and linea anocutanea. However, the 
latter three terms are not generally accepted, and many synonyms 
have been used. Among the epithelial zones, only the anal 
transition(al) zone has got its own name. 


When discussing anal nomenclature, one must always bear in mind 
that the terms anal columns, valves, and sinuses, and the line 
composed by the latter two structures are macroscopic landmarks. 
However, although they can be visualized by using macroscopic 
staining (28 ), the different zones in the anal canal are 

microscopic structures, and they do not correspond exactly to the 
macroscopic landmarks (16 ). 


The most important macroscopic landmark is the line composed of 
the anal valves and sinuses and the bases of the anal columns 
(Figures 27.4 ,27.5 ). A list of names introduced for this line is 
given in Table 27.1 (1 ). Among these, the term dentate line is 
chosen by the International Union Against Cancer (UICC) and the 
World Health Organization (WHO) and is also widely used in 
textbooks (25 ,29 ,30 ,31 ,32 ). Anal valves and papillae are not 
present as often as reported in anatomy textbooks, and crypts and 
sinuses may be found over a larger area than compatible 
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with the definition of a line. Anorectal and anocutaneous refer to 
special definitions of the anal canal. When no valves, columns, or 
papillae are present, the line should be defined by the lowest 
sinuses visible. 


Figure 27.4 Autopsy specimen of the lower rectum and anal canal 
from an infant. The dentate line is composed of the bases of the 
well-defined anal columns. Only a narrow rim of perianal skin is at 
the bottom. The black vertical line indicates the extent of the anal 
canal, the single arrows the dentate line, and the double arrows 
the upper border of the anal transitional zone (formalin). (A, 
colorectal zone; B, anal transitional zone; C, squamous zone; D, 
perianal skin) 
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Figure 27.5 Surgical specimen of the lower rectum and anal canal 
from an adult. Here the dentate line is composed of anal sinuses, 
valves, and pronounced papillae, whereas the anal columns are 
nearly invisible. At the bottom, there is a broad rim of wrinkled 
perianal skin with hairs (formalin). (Black vertical line , extent of 
the anal canal; single arrows, the dentate line; double arrows, 
upper border of the anal transitional zone; A, colorectal zone; B, 
anal transitional zone; C, squamous zone; D, perianal skin) 


Cruveilhier 

1843 

Ligne sinueuse 
Robin and Cadiat 
1874 

Ligne anale cutanA© 
Symington 

1912 

Mucocutaneous junction 
Pectinate line 

Abel 

1932 

Dentate line 


Goligher et al. 

1955 

Valvular line 

Parks 

1956 

Crypt line 

Morgan and Thompson 

1956 

Anorectal line 

Walls 

1958 

Papillary line 

Grobler 

1977 

Hilton's line 

a For references, see Fenger C. The anal transitional zone. Acta 
Pathol Microbiol Immunol Scand Suppl 1987;289:1a€“42. 


Table 27.1 List of Terms Introduced for the Line 
Corresponding to the Anal Valves, Papillae, and Sinuses 
and the Bases of the Anal Columns @ 


Epithelial Zones 


Whatever definition of the anal canal is used, the sequence of 
epithelial zones in this area (i.e., rectum to perianal skin) follows 
(Figure 27.6 ): 


e the zone covered with uninterrupted mucosa of colorectal type 
e the zone with epithelial variants [anal transitional zone (ATZ)] 
e the zone covered with uninterrupted squamous epithelium 


e the perianal skin with keratinized squamous epithelium and 
Skin appendages 


| 
circular muscle coat——} 


- \ 
longitudinal muscle —— 


y rectum 
puborectalis muscle. 
4 | 
£ | 
internal sphincter— W A [ny ~~ >TO TS CCC | 
colo-rectal zone / 
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A > 
pa squamous zone | 
| 
\ 


; perianal skin 


Figure 27.6 Schematic drawing of the anal canal showing the 
different zones and the proposed nomenclature. Colorectal zone 
(of anal canal) above (A ). The extent of the anal transitional zone 
(B ) is highly variable. The squamous zone (C ) gradually merges 
into the perianal skin (D ). 


These zones have been given many different names over the past 
century (Table 27.2 ) based on macroscopic, histologic, and 
embryologic considerations. Among the terms applied to the zone 
with epithelial variants, situated between the _ colorectal-type 
mucosa above and the squamous epithelium below, the most 
widely accepted term is now the anal transition(al) zone (28 ). The 
term zona columnaris refers to a macroscopic observation; the 
names membranous, cloacogenic, and junctional zones all indicate 
the site of the cloacal membrane in early fetal life and the meeting 
point of endoderm and ectoderm, a theory that was rejected 
decades ago. The terms intermediate or middle zone could be 
used, but neither gives any information about the character of the 
epithelial lining. Hemorrhoidal zone is misleading because 
hemorrhoids are not confined to this area. 


The definition of the anal transitional zone is as follows. The ATZ 
is the zone interposed between uninterrupted colorectal mucosa 
above and uninterrupted squamous epithelium below, irrespective 


of the type of epithelium present in the zone itself (28 ). 


From this it follows that names related to the histologic 
appearance also would be appropriate for the other zones. One can 
therefore use the term colorectal zone for the mucosa above the 
ATZ and squamous zone for the area below, which gradually 
merges into the perianal skin (Figure 27.6 ). 


These zones are not always clearly visible to the clinician, and 
biopsy specimens should therefore be forwarded to the pathologist 
with an explanation of their location in relation to the DL. Biopsy 
samples from the lower part of the anal canal can be guided using 
a colposcope (Figure 27.7 ) (33 ,34 ). 


Extent of the Zones 


The colorectal zone, ATZ, and the area covered by squamous 
epithelium can easily be distinguished on longitudinal histologic 
sections (Figure 27.8 ). However, this method gives only limited 
information regarding the extent of the zones because the outlines 
are highly irregular. A better 
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impression is provided by staining the whole anal canal with Alcian 
dye. This method results in dark staining of the abundant mucus in 
the colorectal zone and an absence of staining in the squamous 
zone. The interposed ATZ is turquoise, due to sparse mucin 
production in the surface epithelium and scattered crypts (16 ). 
Subsequent serial sectioning of the whole specimen and 
comparison with the macroscopic picture gives a reliable 
measurement of the extent of the zones in the whole 
circumference of the anal canal (28 ). 


Robin and Cadiat 
1874 


Zone muqueuse 


Zone cutanA© lisse 


Duret 

1879 

Zone muqueuse 
Zone moyenne 
Zone fibroide 


Hermann 

1880 

Muqueuse anale 
Hermann and Desfosses 
1880 

Region cloacale 
Stroud 

1896 

Pecten 


Waldeyer 
1899 


Zona columnaries 
Zona intermedia 
Zona cutanea 
Szent-GyÃ?rgyi 


1913 
Zona intestinalis 


Tucker and Helwig 
1935 


Intermediate zone 


Tucker and Helwig 
1938 

Upper zone 

Middle zone 
Cutaneous zone 
Cutaneous zone 
Parks 

1956 
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Grinvalsky and Helwig 
1956 


Membraneous zone 
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1958 


Junctional zone 


Duthie and Gairns 
1960 


Transitional zone 


Spanner 


1970 


Zona haemorrhoidalis 


Hollinshead 
1974 


Zona haemorrhoidalis 


Ferner and Staubesand 


1975 


Zona alba 


Williams and Warwick 


1980 


Transitional zone 


Singh 
1981 


Zone Ill 

Zone Il 

Zone | 

Haas, Fox, and Haas 
1984 


Anoderm 


Wendell-Smith 
2000 

Suprazonal part 
Transitional zone 
Infradentate part 


a For detailed references, see Fenger C. The anal transitional zone. 
Acta Pathol Microbiol Immunol Scand Suppl 1987;289:1a€“42. (A, 
zone covered with uninterrupted mucosa of colorectal type; B, 
zone with epithelial variants; C, zone covered with uninterrupted 
squamous epithelium; D, perianal skin with keratinized squamous 
epithelium) 


Reference A B C D 


Table 27.2 List of Terms for the Various Zones in the Anal 
Canal and Perianal Skin @ 


By using this method on a consecutive series of 113 anal canals, 
four main variants could be visualized. In most cases (88%), the 
ATZ started at the DL and extended on average 9 mm cranially 
(range: 3a€“20 mm) (Figure 27.9 ). In a few cases (7%), the ATZ 
started below the DL (Figure 27.10 ) or above the DL (4%) (Figure 
27.11 ). In one case, the ATZ was totally absent (Figure 27.12 ). 
In addition, the method clearly demonstrated the highly irregular 


outlines of the ATZ, especially at the upper border, as visualized 
by stereomicroscopy (Figure 27.13 ) (17 ). Others, using slightly 
different techniques on 28 anal canals, have found the median 
length of the ATZ to be about 5 mm (35). 


The squamous zone normally extends downward from the DL, but 
Squamous epithelium is often found covering parts of the anal 
columns (17 ). The lower border of the squamous zone is difficult 
to determine because the squamous zone gradually merges into 
the perianal skin. If the transition is defined by the occurrence of 
Skin appendages, the lower border of the squamous zone is 
located outside the anal canal. This is particularly the case when 
hemorrhoids or prolapse is present. From this it follows that the 
histologic transition to perianal skin does not necessarily 
correspond to the definitions of the lower border of the anal canal. 


The perianal region is not well defined; but, for the purpose of 
tumor classification, a boundary located 5 to 6 cm from the 
transition to squamous mucosa is recommended by the American 
Joint Committee on Cancer (AJCC) (36 ). This might be 
inappropriate as the region thus includes the most posterior parts 
of the vulva or scrotum. 


Definitions of the Anal Canal 


Various definitions of the anal canal have been suggested through 
the ages. Some are based on macroscopic landmarks (Figure 27.2 
), others on the extent of the epithelial zones (Figures 27.2 , 27.6 
). Of the two based on macroscopy, the anatomic anal canal, which 
extends from the DL down 
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to the anal verge, has been abandoned by most investigators 
because the definition leaves the ATZ and the characteristic 
tumors in this area outside the anal canal. The question is, 
therefore, to choose between the definitions of the surgical anal 


Canal and histologic anal canal , and there are advantages and 
drawbacks to both. 


Figure 27.7 Colposcopy of the anal canal at the level of the 
dentate line. Compare the irregular outlines of the anal 
transitional zone with Figure 27.13 . (A, colorectal zone; B, anal 
transitional zone; C, squamous zone) 


Ci 


Figure 27.8 Longitudinal section of the anal canal showing the 
anal transitional zone (ATZ) and parts of the neighboring zones. At 
the upper border of the ATZ, a little island of squamous epithelium 
can be seen. The ATZ extends down into an anal sinus. The 
vertical arrows indicate anal glands in the submucosa and internal 
sphincter (H&E). The double horizontal arrows indicate the upper 
border of the AZT; the single horizontal arrow, the dentate line. 
(A, colorectal zone; B, anal transitional zone; C, squamous zone) 
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Figure 27.9 Surgical specimen of adult anal canal: normal 
location of anal transitional zone (Alcian green for 15 min).(Black 
vertical line , extent of the anal canal; single arrows, dentate line; 
double arrows, upper border of the anal transitional zone; A, 
colorectal zone; B, anal transitional zone; C, squamous zone; D, 
perianal skin) 


Figure 27.10 Surgical specimen of adult anal canal: low location 
of anal transitional zone (Alcian green for 15 min). (Black vertical 
line , extent of the anal canal; single arrows, dentate line; double 
arrows, upper border of the anal transitional zone; A, colorectal 
zone; B, anal transitional zone; C, squamous zone; D, perianal 


skin) 


Figure 27.11 Surgical specimen of adult anal canal: high location 
of anal transitional zone, which here is very narrow (Alcian green 
for 15 min). (Black vertical line , extent of the anal canal; single 
arrows, dentate line; double arrows, upper border of the anal 
transitional zone; A, colorectal zone; B, anal transitional zone; C, 
squamous zone; D, perianal skin) 
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Figure 27.12 Surgical specimen of adult anal canal: no anal 


transitional zone (Alcian green for 15 min). (Black vertical line , 
extent of the anal canal; single arrows, dentate line; double 
arrows, upper border of the anal transitional zone; A, colorectal 
zone; C, squamous zone; D, perianal skin) 


The histologic anal canal is defined by the extent of the special 
mucosa in this area (i.e., the ATZ and the squamous epithelium 
down to the perianal skin). Using this definition, microscopic 
identification of the canal is reasonably easy, and all the special 
tumors in this area have their origin in the canal. The drawback is 
that the extent of the anal canal cannot be estimated by the 
clinicians and that colorectal neoplasias can have their origin 
inside the histologic anal canal because it also harbors colorectal- 
type epithelium scattered in the ATZ. 
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Figure 27.13 Close-up of the anal canal mucosa at the level of 
the dentate line. The highly irregular outlines of the anal 
transitional zone (B ) contrasts to the heavily stained colorectal- 
type mucosa above (A ) and the unstained squamous zone below 
(C ). The vertical line is for later histologic control of the 
macroscopic staining (Alcian blue for 15 minutes). 


The surgical anal canal can be identified easily by the clinician and 
described in the surgical report, thus making communication 


between surgeon and pathologist easier. The surgical anal canal is 
also regarded as a functional unit. However, with regard to the 
mucosal lining, the surgical anal canal most often includes a ring 
of more or less normal appearing colorectal mucosa at its upper 
border. 


The lack of agreement between macroscopic and microscopic 
definitions is well known from other areas (i.e., the cervical 
transformation zone and the esophagogastric junction) and must 
be accepted. The essential point is that when the clinician 
describes the location of a process or a biopsy, the position in 
relation to the DL is the important message. The pathologist will 
then report what epithelial types are present in the material and, 
considering the above-mentioned variations, decide whether it is 
normal. 


As the anal canal is described using the definition of the surgical 
anal canal by the WHO (31 ), as well as in the tumor-node- 
metastasis (TNM) system (32 ), this definition will also be used in 
the following text. 


Anatomy 


Mucosal Surface 


Following the definition of the surgical anal canal (18 ), the 
structure extends from the level of the pelvic floor (pelvic visceral 
aperture, anorectal ring) to the anal opening (anal verge) (Figure 
27.2 ) and in a living person has an average length of 4.2 cm (37 
). Histologically, the anal canal extends from the upper to the 
lower border of the internal anal sphincter and has, on formalin- 
fixed specimens, an average length of 3 cm (16 ). This slight 
difference in definitions and measurements must be accepted 
because the curved appearance of the anal verge cannot be 
evaluated histologically and because loss of tonus and the fixation 


procedures may influence the appearance of the specimens. 


The anal lumen often forms a more or less triradiate slit when 
seen at anoscopy. The stem of the Y so formed approaches the 
midline posteriorly, and the arms embrace a pad of tissue 
anteriorly. Thus, three folds are seen, named the anal cushions 
(38 ). According to some investigators, the Y is asymmetric and 
usually embraces a pad of tissue to the right anteriorly (38 ,39 ). 
The anal cushions are present already in fetal life. In an opened 
Surgical specimen from adults, these cushions are often 
inconspicuous. 


The surface relief of the anal canal varies with age. The 
characteristic relief described in all anatomy textbooks is 
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most distinct in children (Figure 27.4 ). Here the mucosa shows six 
to ten vertical mucosal folds (the anal columns) that extend from a 
little below the middle of the anal canal and gradually disappear 
near the upper end. The anal columns are connected at their bases 
by small semilunar valves, which occasionally take the form of 
small papillae. Small pockets, the anal sinuses or crypts, are found 
behind the valves. 


In adults (Figures 27.5 , 27.9 ,27.10 ,27.11 ,27.12 ), the mucosa 
often shows less pronounced valves and columns and may exhibit 
a smooth surface with or without scattered anal sinuses and 
papillae (16 ). 


The three epithelial zones are faintly visible to the naked eye on 
unstained, formalin-fixed specimens (Figure 27.5 ). The upper 
third shows the same relief as the mucosa of the rectum above. 
The area immediately above the anal valves and sinuses usually 
appears more smooth and gray-blue. This is the ATZ. Distal to the 
sinuses, the squamous epithelium appears as a smooth gray-brown 
area (Stroud's pecten). At the lower border of the anal canal, the 
dull, wrinkled perianal skin with hair follicles is obvious. 


Musculature 


The exact arrangement of the anal musculature is still a subject of 
debate, and new information is still being added using anal 
endosonography, magnetic resonance imaging, and manometry (40 
,41 ). The muscles here are described from the inside out (Figure 
27.6). 


Musculus Submucosae Ani 


The musculus submucosae ani, originally described by Treitz (42 ), 
also have been called musculus sustentator tunicae mucosae, 
musculus mucosus ani, and musculus canalis ani (43 ). They 
consist of fibers from the intersphincteric longitudinal muscle, 
which pass through the internal sphincter, and from the internal 
sphincter itself. In the submucosa, they form a network around the 
vascular plexus (Figure 27.14 ) and are sometimes connected to 
the muscularis mucosae upward. Caudally, they rejoin the muscles 
from which they came. Some fibers fan out in the perianal skin, 
where they may join fibers from the corrugator cutis ani muscle 
(38 ,43 ). 


Internal Anal Sphincter 


The internal anal sphincter is a continuation of the circular muscle 
coat of the rectum but is considerably thicker. In histologic 
sections it measures 5 to 8 mm in thickness and ends 5 to 19 mm 
(average: 11.4) below the DL (16 ). Using anal endosonography, 
the thickness is maximally 4 to 5 mm (41 ). The muscle receives 
sympathetic (motor) fibers and parasympathetic (inhibitory) fibers 
from the inferior hypogastric plexus. In contrast to the adjacent 
rectum, the internal sphincter contains no enkephalin- 
immunoreactive fibers, few substance Pda€“reactive fibers, but 
moderate numbers of fibers reactive for neuropeptide Y and 
vasoactive intestinal peptide (44 ). Collagen fiber deposition 


increases with age (45 ) and is higher in patients with neurogenic 
fecal incontinence (46 ). Pelvic irradiation may result in increased 
fibrosis and nerve density (47 ). 


Figure 27.14 Anal transitional zone with columnar surface cells 
(central ) and squamous epithelium (left and right ). Vascular 
Spaces located below fibers from the muscularis mucosae (H&E). 
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I ntersphincteric Longitudinal Muscle 


The intersphincteric longitudinal muscle is situated between the 
internal and external sphincters (Figure 27.6 ). Its thickness 
varies, and its exact function is unknown (40 ,48 ). It contains 
unstriped fibers from the longitudinal muscle coat of the rectum 
and striped fibers from the levator ani muscles. At the lower end 
of the internal sphincter, it breaks up into a number of septae, 


which diverge fanwise through the subcutaneous part of the 
external sphincter to end in the corium, thus forming the 
characteristic corrugation of the perianal skin. These bands are, 
therefore, referred to as the corrugator cutis ani muscle. 


External Sphincter 


The striated anal sphincter is traditionally described as a circular 
muscle, which can be divided into a deep part and a superficial 
part that surround the internal sphincter and a subcutaneous part 
below these muscles (Figure 27.6 ). Most investigators have been 
unable to find a clear separation between these three parts (40 ). 
The puborectalis muscle is situated above the external sphincter. 
There are two prevailing theories about the arrangement of these 
muscles. 


Shafik (49 ) has described three U-shaped loops, with their 
convexity directed backward, forward, and backward, 


respectively. The top loop comprises the deep part and the 
puborectalis muscle, which is attached to the lower part of the 
symphysis; the intermediate loop is formed by the superficial part 
and is attached by a fibrous tendon to the dorsal part of the tip of 
the coccyx; the base loop is formed by the subcutaneous part, 
which is attached anteriorly to the perianal skin and is split from 
the longitudinal muscle by the above-mentioned fibers. Oh and 
Kark (50 ) described a double-loop theory according to which the 
puborectalis is directed anteriorly and most of the external 
sphincter posteriorly. This is in better accordance with recent 
endosonographical studies (40 ,41 ). 


The superficial and subcutaneous parts differ from normal striated 
musculature. They consist of relatively small muscle fibers, in the 
adult predominantly of the slow switch type (type 1), separated by 
delicate strands of connective tissue (51 ,52 ). 
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Blood Supply 


The arterial supply to the anal canal is considerably greater than 
would be necessary for metabolism alone. Branches from the 
Superior rectal artery reach the ATZ in nearly all cases, but the 
middle and inferior rectal arteries often also make substantial 
contributions (38 ). 


The terminal branches of the arteries split up into small tortuous 
vessels, some of which form tiny arteriovenous anastomoses with 
the submucosal venous plexus. This plexus consists of small 
convoluted vessels with discrete dilatations, which may be 
fusiform, saccular, or serpentine. Connective tissue fibers and 
fibers from the musculus submucosae ani are situated between the 
vessels, thus anchoring them to the internal sphincter. The picture 
is more complex above the DL, whereas the dilatations are fewer 
and often larger below it. The drainage is mainly cranial to the 
Superior rectal vein, but branches of the superior, middle, and 
inferior veins communicate freely below as well as through the 
internal sphincter (38 ). 


Some investigators have described so-called anal glomeruli, in 
which groups of small convoluted vessels were surrounded by 
connective tissue, which separated them from the surrounding 
loose tissue (Figure 27.15 ). Such structures probably represent 
thrombosed vessels with recanalization. The whole system has 
been referred to as the corpus cavernosum recti (although it is 
situated in the anal canal) and is more pronounced in the areas 
corresponding to the anal cushions (39 ) (Figure 27.16 ). 


Hemorrhoids 


According to this new understanding of anal vasculature, 
hemorrhoids or hemorrhoidal disease should be defined as 
enlargement or prolapse of the anal cushions, in some cases 
followed by bleeding and thrombosis (53 ,54 ,55 ). However, it is 


still debated whether the term hemorrhoid or hemorrhoidal tissue 
also should be used to describe the normal anatomical structure or 
asymptomatic enlargement of the anal cushions (56 ,57 ). 


Figure 27.15 So-called anal glomerulus (H&E). 


The pathogenesis of symptomatic hemorrhoids has been debated 
for many years, and a low-fiber diet, constipation and prolonged 
straining, abnormal anal pressure, hypertension in the anal 
cushions, and hereditary and hormonal factors may be involved. 
Others have found hemorrhoids associated with diarrhea and 
obesity but not with age, constipation, cirrhosis, or varicose veins 
(58). 


Deterioration of the supporting and anchoring connective tissue 
and degenerative changes of the collagen fibers, together with 
replacement of muscle tissue by collagen, which begins in the third 
decade, make the structures less stable. The result is venous 
stasis and dilatation and sliding down of the anal cushions, 
sometimes followed by prolapse. Damage to the surface may lead 
to bleeding of arteriolar origin. Inflammation and focal pressure 
may be 
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followed by further stasis, edema, thrombosis, and 


neovascularization (59 ). 


Figure 27.16 Longitudinal section through the anal transitional 
zone showing an anal cushion (H&E). 
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This new understanding harmonizes well with the histologic picture 
of tissue from hemorrhoidectomies. The specimens most often 
consist of connective tissue stroma with scattered fibers of smooth 
muscle. The stroma may contain many blood vessels and larger 
vascular spaces that vary in size and configuration and are often 
less than 2 to 3 mm in diameter. Inflammatory changes and signs 
of recent or past thrombosis may be present, as may stromal 
fibromuscular hyperplasia and elastic fiber proliferation. In some 
cases the removed hemorrhoid more resembles a fibroepithelial 
polyp (54 ). Neuronal hyperplasia is common (60 ). The surface 
lining depends on the degree of descent of the cushion and of 


course the extent of the surgical excision. It therefore may show 
colorectal, ATZ, or squamous epithelium, as well as perianal skin. 
The mucosa may show inflammatory reaction or frank erosion or 
may be the site of regenerative, metaplastic, or keratotic reactions 
due to recurrent or permanent prolapse. The so-called fibrous anal 
polyp is assumed to represent an end stage of a prolapsed cushion 
(61 ). 


Other Vascular Changes 


There are a few differential diagnoses to chronic hemorrhoidal 
disease. Perianal thrombosis, formerly referred to as perianal 
hematoma, is an acute dark hard lesion arising under the 
Squamous zone of the anal canal or the perianal skin. It represents 
a thrombus lying in the larger venous dilatations (61 ,62 ). Rectal 
varices are a result of portal hypertension and represent dilated 
submucosal veins formed when the communicating veins that 
connect the superior with the middle and inferior hemorrhoidal 
veins become enlarged. They extend above the level of 
hemorrhoids and occasionally downward to reach the buttock, 
perineum, or upper thigh (63 ,64 ). Diffuse cavernous hemangioma 
of the rectosigmoid is a vascular malformation consisting of 
vascular channels of variable size and thickness, which may 
involve the whole bowel wall and mesentery or perirectal tissue 
and may extend down to the DL (65 ). Recently, two cases of 
Dieulafoy's lesion in the anal canal have been described (66 ). 


The vast majority of anal fissures occur in the posterior midline. A 
variant of the course of the inferior rectal artery has been blamed 
for a reduced perfusion of the posterior commissure and thereby 
of significance in the pathogenesis (67 ). Using Doppler laser flow 
cytometry, it has been shown that the blood flow in the posterior 
quadrant of the anal canal and perianal skin is significantly lower 
than in the anterior left and right quadrant and that the higher the 
anal pressure, the lower the perfusion (68 ). In addition, histologic 


studies have shown a lesser arteriolar density in the posterior 
quadrant throughout the anal canal (69 ). These observations have 
led to the hypothesis that anal fissures are ischemic ulcers. 


Nerves 


Ganglion cells in the rectum are found in three separate plexuses: 
the superficial and deep submucous and the myenteric. In the anal 
canal, ganglion cells belonging to these plexuses are absent or 
sparse in the first centimeter above the DL (70 ). The diagnosis of 
ultrashort Hirschsprung's disease can be made by finding 
increased acetylcholinesterase reaction in muscularis mucosae and 
submucosa immediately above the DL (71 ). The density of 
interstitial cells of Cajal is significantly lower in the internal 
sphincter than in the circular muscle layer of the rectum (72 ). 


The sensory innervation (73 ) of the lower part of the anal canal is 
accomplished by the inferior rectal nerves. The lining contains free 
nerve endings as well as organized endings (Meissner's corpuscles, 
Krause's end bulbs, Golgi-Mazzoni bodies, and genital corpuscles). 
It is sensitive to touch, pain, heat, and cold. 


Sensitivity also can be demonstrated just above the DL in the ATZ, 
where the same endings can be found just above the anal valves. 
Thus, pain occasionally can be felt from injections given just above 
the DL. The ATZ is well supplied with intraepithelial nerve fibers 
and endings (74 ). Both types of nerve endings cease abruptly at 
the transition to the colorectal zone, where only a poorly defined 
dull sensation is present. However, discrimination seems not to be 
impaired by excision of the ATZ after restorative proctocolectomy 
(75). 


Patients with hemorrhoids have a mild anal sensory deficit, 
probably due to the mucosal descent (76 ). Surgical specimens of 
hemorrhoids and their end stage, the fibrous polyp, may show 
proliferation of peripheral nerves without increased terminal 


density (60 ) (Figure 27.17 ). 
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Figure 27.17 Neuromatous hyperplasia in the anal canal (S-100 
protein). 
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Lymphatics 


Lymphoid follicles are present in the anal canal from the DL and 
upward in approximately the same number as in the rectum (about 
25fcm* ) (77 ): 


The lower part of the anal canal (below the DL) and the perianal 
skin are drained to the superficial inguinal nodes. The drainage of 
the upper part is more complex, and varying results have been 
obtained from injection studies. Most investigators agree that an 
indirect or intramural system connects lymphatics in the anal canal 
to the lymphatic plexuses of the rectum (78 ). Other more direct 
lymphatics follow the inferior or medial rectal vessels to end in the 
hypogastric, obturator, and internal iliac nodes, or they follow the 
Superior rectal vessels to end in nodes in the sigmoid mesocolon 
and near the origin of the inferior mesenteric artery. Occasional 
connections also have been demonstrated to the common iliac, 
middle and lateral sacral, lower gluteal, external iliac, and deep 


inguinal nodes (79 ). 


Lymphatic metastases from carcinoma of the anal canal are most 
often found in the inguinal, femoral, pararectal, and iliac nodes, 
and eventually in the mesenteric or para-aortical nodes. 
Hematogenous metastases are most often located in the liver and 
lungs (31 ,36 ). Studies on sentinel nodes in anal cancer are 
ongoing (80). 


Histology 


Colorectal Zone 


The mucosa of the upper, colorectal zone is a continuation of the 

rectal mucosa, and no line of demarcation marks the transition to 
the anal canal. However, some shortening and irregularity of the 

crypts often are found in the area closest to the ATZ (Figure 27.18 
). 


Anal Transitional Zone and Anal Glands 


As stated above, the upper border of the ATZ is defined by the 
appearance of other epithelial types. In one-third of cases, the 
upper part of the ATZ consists of a small rim of mature squamous 
epithelium (Figures 27.8 ,27.18 ) (16 ). Many epithelial variants 
can be found in the ATZ, the most prominent being the so-called 
ATZ epithelium. 


The term ATZ epithelium (81 ) is not generally accepted but can 
be used until an exact classification is established. It consists of 
four to nine cell layers. The basal cells are small, and their nuclei 
are arranged perpendicular to the basement membrane. The 
surface cells can be columnar (Figure 27.19 ), cuboidal or 
polygonal (Figure 27.20 ), or flattened (Figure 27.21 ). Small 
areas can show umbrella-shaped surface cells and more distinct 
cell borders (Figure 27.22 ). Other epithelial types are often 


present in the ATZ. Small areas of mature squamous epithelium 
may be present, especially at the upper border. Scattered crypts 
of colorectal type and small areas of simple columnar epithelium 
also may be found. 


Figure 27.18 Transition between the colorectal zone of the anal 
canal and the anal transitional zone. Short, slightly irregular 
crypts. Muscularis mucosae still present (H&E). 
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The anal (intramuscular) glands open in the ATZ (Figure 27.8 ). 
These glands seem to be present in all anal canals and the median 
number is six, with a range of three to ten. Four of five are only 
present in the submucosa, but the rest extend into the internal 
sphincter and a few percent reach the intersphincteric space or 
even penetrate the external sphincter (82 ,83 ). The epithelial 
lining and mucin production are similar to the ATZ epithelium (84 


), and endocrine cells are occasionally present (85 ). A 
characteristic feature is the presence of intraepithelial microcysts 
and occasionally goblet cell metaplasia (Figure 27.23 ). The 
epithelium is surrounded by one or two cell layers of myoepithelial 
cells that stain positive for smooth muscle actin (83 ). The glands 
are often surrounded by groups of lymphocytes. It is 
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believed that the anal glands may take part in the formation of 
fistulas. Cysts are usually due to trauma and inflammation. Well- 
documented cases of anal gland carcinoma are rare (84 ,86 ). 


Figure 27.19 Anal transitional zone (ATZ): ATZ epithelium with 
columnar surface cells and scanty mucin production [Alcian blue 
pH 2.7, periodic acid-Schiff (PAS)]. 


Figure 27.20 Anal transitional zone: ATZ epithelium with cuboidal 
or polygonal surface cells (H&E). 
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Figure 27.21 Anal transitional zone: ATZ epithelium with 
flattened surface cells and resemblance to squamous epithelium 
(H&E). 
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Figure 27.22 Anal transitional zone: ATZ epithelium with 


umbrella-shaped surface cells resembling urothelium. The surface 
cells are small (H&E). 
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Figure 27.23 Anal gland in the submucosa of the anal transitional 


zone (ATZ). Epithelium is as in ATZ with scattered goblet cells 
(H&E). 


Squamous Zone 


The transition to uninterrupted squamous epithelium usually takes 
place at the level of the DL. The squamous epithelium is 
unkeratinized with short or no papillae. Melanocytes increase in 
number as the perianal skin is approached, and the epithelium 
contains dendritic (Langerhans) cells (60 ) (Figure 27.24 ), T 
lymphocytes (87 ), and Merkel cells (88 ) (Figure 27.25 ). These 
cells also may be present in squamous metaplasia covering 
hemorrhoids. The number of dendritic cells is increased in cases of 
condylomata but decreased in case of concomitant HIV infection 
(89 ). Glands or skin appendages are never present in the 
squamous zone. 


Perianal Skin and Glands 


Keratinization becomes apparent at the lower end of the anal 
canal, and the squamous zone gradually merges into the perianal 
skin with sweat glands, hairs, and sebaceous glands. A 
characteristic finding is the presence of apocrine glands in the 
subcutaneous tissue (Figure 27.26 ). An additional type of glands, 
the so-called anogenital sweat glands, are lined by a simple 
columnar epithelium with cytoplasmic a€oesnoutsa€* protruding 
into the lumen and resting on a layer of flat myoepithelium (90 ) 
(Figure 27.27 ). These glands are probably the point of origin for 
papillary hidradenoma (91). 


Lamina Propria and Muscularis 
Mucosae 


The lamina propria consists of loose connective tissue which in the 


Squamous zone often contains a variable number of 
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mast cells and small mononuclear or multinucleated CD34+ 
stromal cells probably of fibroblastic origin (Figure 27.28 ). It has 
been suggested that these cells are involved in the formation of 
fibroepithelial polyps (92 ,93 ,94 ). Fibroepithelial polyps 
occasionally also show neuronal hyperplasia and hyaline vascular 
changes (60 ,94 ). 


Figure 27.24 Langerhans cells in the squamous zone (S-100). 


The well-defined muscularis mucosae of the rectum continue in the 
colorectal zone of the anal canal (Figure 27.18 ) and can be found 
in the upper part af the ATZ (Figure 27.14 ). Fibers extending up 
between colorectal crypts indicate mucosal prolapse, and most 
fibroepithelial polyps also contain fibers from the muscularis 
mucosae (92 ,94 ). 


Special Techniques 
Mucin Histochemistry 


The columnar variant of the ATZ epithelium produces small 
amounts of a mixture of sulfomucins and sialomucins, 


characterized by a scarcity of O-acylated sialic acids, in contrast to 
the colorectal type mucosa above (95). 


Figure 27.25 Merkel cells in the squamous zone (CK20). 


27.26 Apocrine gland (H&E). 


Figure 


Figure 27.27 Anogenital sweat gland (H&E). 


Figure 27.28 Stromal cells (CD34). 


Cytokeratins 


The keratin expression of the various epithelial types in the anal 
canal is complex (96 ). Briefly, the typical reactions in colorectal 
type epithelium are CK20+/CK7a€“ and in ATZ epithelium and anal 
glands CK7+/CK20a€“, and this pattern is also found in tumors 
Originating in the respective epithelia (86 ,97 ,98 ). 


The reaction for CK7 varies in the ATZ epithelium, sometimes 
being very strong throughout all layers, sometimes being absent in 
the basal layer or the whole epithelium (Figure 27.29 ). In 
addition, the ATZ and anal glands are usually positive for 
cytokeratins 4, 8, 13, 16, 17, 18, and 19. The coexpression of CK4 
and CK13 has also been observed in the transitional epithelium of 


the urinary bladder. 


Proliferation Markers 


The proliferative marker MIB-1 for Ki-67 is positive in a layer of 
cells immediately above the basal layer and may be quite 
pronounced, especially in cases of hemorrhoids and prolapse 
(Figure 27.30 ). However, the reaction still differs from that seen 
in anal intraepithelial neoplasia (Figure 27.31 ). 


Hormone Receptors 


Androgen, estrogen, and, to a lesser degree, progesterone 
receptors have been demonstrated in the squamous epithelium, as 
well as in the underlying stroma and in the smooth muscle cells of 
the internal sphincter in most individuals and at all ages, 

indicating that the organ is a target for sex steroid hormones (99 
). The anogenital sweat glands and the corresponding papillary 
hidradenoma show positive reaction for estrogen and progesterone 
receptors, in contrast to conventional sweat glands (91 ) (Figure 
27.32 ). 


Figure 27.29 ATZ epithelium with varying cytokeratin expression 
(CK7). 
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Figure 27.30 ATZ epithelium: proliferative activity (MIB-1). 


Neuroendocrine Markers 


The characteristic epithelia of the ATZ and anal glands contain a 
heterogeneous population of endocrine cells (81,85 ), which all 
show positive reaction for synaptophysin and chromogranin A 
(Figure 27.33 ). The cells have slender processes that approximate 
the surface and a fine granular cytoplasm. The number varies, and 
the largest population also reacts for serotonin and pancreastatin, 
but cells positive for somatostatin, peptide tyrosine tyrosine, 
glucagon-like peptide 1, calcitonin geneâ€“related peptide, protein 
gene product 9.5, and neurotensin are occasionally present. The 
pattern is a mixture of products typical for colorectal epithelium 
and for Merkel cells in the squamous epithelium (88 ,100 ). 


Figure 27.31 Anal intraepithelial neoplasia (AIN): proliferative 
activity (MIB-1). 


Figure 27.32 Anogenital sweat gland (estrogen receptor). 


Melanin-Containing Cells 


A few melanocytes are also occasionally present in the ATZ (85 
,101 ,102 ). These are CK7â€“/CK20â€“ and positive for S-100 
protein, Melan A, and HMB-45 (Figure 27.34 ). The corresponding 
malignant melanoma may be amelanotic and positive for polyclonal 
but not monoclonal carcinoembryonic antigen (CEA) (103 ). 


Flow Cytometric Microscopy and 
Electron Microscopy 


Flow cytometric DNA analyses of the ATZ epithelium have shown a 
dominating diploid population with a small hyperdiploid peak, 
resembling the picture of metaplastic epithelium (104 ). 
Transmission electron microscopy has not shown asymmetric unit 
membranes. In scanning electron microscopy, the surface cells 
show distinct cell borders and short microvilli (Figure 27.35 ) (81 
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Figure 27.33 Anal transitional zone epithelium: endocrine cells 
(chromogranin). 
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Figure 27.34 Anal transitional zone: three melanin-containing 
cells in the surface epithelium (HMB-45). 


Metaplasia and _  Heterotopia 


Other epithelial types may be present and sometimes indicate 
pathologic conditions. Occasionally, colorectal-type crypts in the 
ATZ may contain Paneth's cells (Figure 27.36 ) or show pyloric 
metaplasia (Figure 27.37 ), probably as a result of mucosal 
damage (as in longstanding colitis). Squamous metaplasia in the 
ATZ and even in the colorectal zone is seen in cases of prolapse, 
and keratinization may be present (Figure 27.38 ). 


Figure 27.35 Anal transitional zone: A. colorectal crypt (open 


circle ) and ATZ epithelium (open star ); B. same area in H&E and 
SEM (original magnification A—1500). Reprinted with permission 
from: 

Fenger C, Knoth M. The anal transitional zone: a scanning and 
transmission electron microscopic investigation of the surface 
epithelum. Ultrastruct Pathol 1981;163a€“173. 


Figure 27.36 Anal transitional zone: area with squamous 
epithelium covering a colorectal-type crypt with Paneth's cell 
metaplasia (H&E). 
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| have seen a single example of fundic gastric mucosa in the anal 

canal. Such areas, rarely found in the rectum, are histochemically 
almost identical to their orthotopic counterpart (105 ). Probably 
Helicobacter pylori can turn up in the anal canal as it has done in 
body-type gastric epithelium in the rectum (106 ). A unique case 

has been reported showing ectopic prostatic tissue in the lower 

anal canal (107 ). 


Viral and Neoplastic Changes 


Cytomegalovirus, which occasionally infects the rectum, is rarely 


seem in the anal canal histiocytes (108 ). MHerpesvirus-induced 
changes are more commonly found in the squamous epithelium 
(Figure 27.39 ), and koilocytotic changes due to human 
papillomavirus (HPV) can be found as high up as in the ATZ 
(Figure 27.40 ). 


Figure 27.37 Anal transitional zone: area with group of pyloric- 
type glands (H&E). 


Figure 27.38 Anal transitional zone: keratinizing squamous 
epithelium extending up to the colorectal zone, as is typical in 
cases of prolapse (H&E). 
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Anal intraepithelial neoplasia (AIN), also referred to as dysplasia 
or anal squamous intraepithelial lesion (ASIL), is not uncommon. 
It may be present in the squamous zone as well as in the ATZ and 
in minor surgical as well as in resection specimens (Figures 27.31 
, 27.41 ) (109 ,110 ). Squamous carcinoma and AIN are 
particularly common among men who have sex with men, patients 
with HIV/AIDS, and transplant recipients and in the rare 
syndromes Wiskott-Aldrich and epidermodysplasia  verruciformis, 


indicating an attenuated immune response is of importance (111 ). 


High-risk HPV is found in most lesions, in particular those located 
high in the anal canal (112 ). Exact and reproducible grading of 
AIN is difficult in biopsies, as well as in cytologic specimens (113 
,114 ,115 ). Follow-up studies have shown that many cases of AIN 
la€“ll will regress but that a considerable number of AIN III will 
recur, even aften highly active antiviral therapy. There are 
however only few documented cases of transition to 


Squamous carcinoma, and the real risk is unknown (33 ,116 ,117 


Figure 27.39 Herpes-induced epithelial changes in the squamous 
zone below the dentate line (H&E). 
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Figure 27.40 Anal transitional zone: area with squamous 
epithelium showing koilocytotic changes. Normal ATZ epithelium to 
the right (H&E). 


Squamous carcinoma of the anal canal may have different 
appearances (i.e., basaloid or keratinizing), but there is 
substantial overlap of the histologic features found in these tumors 
(112 ,118 ), and the reproducibility of the older WHO classification 
is rather low (119 ). In the recent WHO classification, it is 
therefore recommended that the generic term squamous 
carcinoma be used for these tumors (31 ). Prognostic markers 
have not yet been identified (120 ). A summary of tumors 
originating in the different zones is listed in Table 27.3. 


A. Colorectal 

Colorectal 

As in colon and rectum 

B. ATZ 

ATZ epithelium 

Squamous carcinoma variants 
Adenocarcinoma as from anal glands?** 


Squamous 

Ordinary squamous carcinoma 
Colorectal type 

Adenocarcinoma, colorectal type 
Endocrine cells 

Endocrine tumor 

Melanocytes 

Malignant melanoma 

Anal glands 

Adenocarcinoma, anal gland type 

C. Squamous zone 

Squamous 

Ordinary squamous carcinoma 
Melanocytes 

Malignant melanoma 

D. Perianal skin 

Squamous 

Ordinary squamous carcinoma 

Basal cell carcinoma 

Melanocytes 

Malignant melanoma 

Apocrine glands 

Apocrine tumors 

Anogenital sweat gland 

Papillary hidradenoma 

Other appendages 

As in skin 

*Aa€“D as in Figures 27.5 and 27.6. 
** Adenocarcinoma of anal gland type is commonly supposed to 
originate in anal glands, but the epithelia in the ATZ and anal 
glands are more or less of the same type. (ATZ, anal transitional 
zone) 


Zone* Cell Type Neoplasia 


Table 27.3 Anal Canal Mucosal Zones: Cell Types and 
Neoplastic Counterparts 


Figure 27.41 Anal transitional zone: area with severe dysplasia 
(AIN II) (H&E). 


Finally, it should be remembered that the anal area is a common 
site of extramammary Paget's disease and that many of these 
patients have a synchronous or metachronous malignant tumor. 
Paget's cells must be distinguished from artifactual clear cells, 
glycogen-rich cells, koilocytes, and clear cells in pagetoid 
dyskeratosis, pagetoid Bowen's disease and pagetoid melanoma 
(121 ) (Figure 27.42 ). 
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True Paget's cells nearly always show positive reactions for mucin, 
CEA, and CK7 (Figure 27.43 ) (122 ). Primary Paget's is usually 
positive for gross cystic disease fluid protein and negative for 
CK20, while the opposite pattern is found in Paget's secondary to 
colorectal adenocarcinoma (98). 


Figure 27.42 Squamous zone: clear cells in pagetoid dyskeratosis 
(H&E). 


a 


Function 


The normal function of the rectum and anal canal is the result of a 
combination of factors, including not only the puborectalis and 
sphincter muscles, but also stool volume and consistency, rectal 
storage capacity, sensation, and delivery, as well as cognitive and 
behavioral influences. The functional disorders, the various 
techniques for investigation of anorectal dysfunction, and the 
diagnosis and treatment have been extensively reviewed recently 
(123 ,124 ,125 ). The significance of the ATZ for normal anal 
function is still a subject of debate (126 ). 


Normal ATZ and anal glands 


+7, +19, -20 
AIN and anal canal SCC 
+7, +19 


+MIB-1, p16, HPV 
Anogenital sweat glands 


+14 

+GCDFP, ER 

Anal gland carcinoma 
+7, -20 

Rectal adenocarcinoma 
-7, +20 

Prostatic | adenocarcinoma 
-7, -20 

+PSA 

Primary Paget 

+7, -20 

+GCDFP 

Secondary Paget (CRC) 
+7, +20 

-GCDFP 

Secondary Paget (urotel) 
+7, (-20) 

-GCDFP 

Melanocytic lesions 
-7, -20 

+HMB45, Melan A 


(CRC, colorectal type adenocarcinoma; ER, 
GCDFP, gross cystic disease fluid protein; HPV, human 
papillomavirus; PSA, prostate-specific antigen; 


carcinoma) 


Squamous cell 


Cytokeratins Others 


Table 27.4 Typical I!mmunohistochemistry of Normal 
Neoplastic Anal 


Figure 27.43 Squamous zone: Paget's cells (CK7). 


Gender and Aging 


There is little information on differences in the anal canal between 
the two sexes and as a result of aging. The surgical anal canal is a 
few millimeters shorter in females (4.4 cm 
P.681 
vs. 4.0 cm in males) (37 ), and the external sphincter is also 
Shorter, particularly its anterior part (40 ,41 ). With aging, the 
collagen fiber deposition increases in the internal sphincter (45 ). 


The mucosal surface is often more smooth in the elderly, and the 
papillae may be more pronounced (Figure 27.5 ). The underlying 
connective tissue becomes less stable, which may result in descent 
of the anal cushions and subsequent squamous metaplasia of the 


ATZ (54 ). The number of lymphoid follicles does not change with 
age (77 ). 


Specimen Handling 


In minor surgical specimens it is often possible to identify the 
smooth gray-brown squamous zone from the gray-blue, more 
glistening anal mucosa. The tissue always should be cut and 

embedded along the longitudinal axis in order to describe the 
lesions (i.e., AIN) in relation to the different epithelial zones. 


Local excisions should be provided by the surgeon with a suture at 
the proximal end, pinned up on a plate and sectioned in the same 
way with special attention to resection lines. Larger surgical 
specimens are rare nowadays where anal carcinoma most often is 
treated nonsurgically. They should also be pinned up, and multiple 
sections may be necessary to find or exclude residual tumor 
tissue. Information on previous radiation therapy should be 
provided. 


Normally most diagnoses can be established without the use of 
special stains, but occasionally a panel of immunohistochemical 
reactions is useful (Table 27.4 ). 
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Liver 


Arief A. Suriawinata 


Swan N. Thung 


Introduction 


The embryology, gross morphology, and histology of the normal 
human livera€”the single largest organ in the human bodya€”are 
described in this chapter. It is emphasized that liver biopsy 
specimens must be processed with special care in order to obtain 
optimal sections for diagnostic histologic evaluation. In many 
instances, immunohistologic studies of liver tissue have the potential 
to yield more information than electron microscopy. In surgical and 
autopsy liver specimens, nonspecific histologic alterations may be 
prominent, but they often have little significance. On the other hand, 
some morphologic changes, particularly in needle biopsy specimens, 
are frequently subtle but may be of diagnostic importance. The 
pathologist must be familiar with these histologic variations of and 
from the normal liver. 


Embryology 


The liver arises as the hepatic diverticulum from the endodermal 
lining of the most distal portion of the foregut during the third to 
fourth week of gestation (1,2,3). In embryos 4 to 5 mm in length, 


the hepatic diverticulum differentiates cranially into proliferating 
hepatic cords and caudally into the gallbladder and extrahepatic bile 
ducts. The anastomosing cords of hepatic epithelial cells grow into 
the mesenchyme of the septum transversum. As the hepatic cords 
extend outward during the fifth week of gestation, they are 
interpenetrated by the inwardly growing capillary plexus, which 
arises from the vitelline veins in the outer margins of the septum 
transversum and forms the primitive hepatic sinusoids. 


Scattered mesenchymal cells derived from the septum transversum 
lie between the endothelial wall of the 
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sinusoids and the hepatic cords and form the connective tissue 
elements of the hepatic stroma, as well as the capsule, which is 
covered by a mesothelial layer. Hematopoietic tissue and Kupffer 
cells also derive from splanchnic mesenchyme of the septum 
transversum. Once these structures are established, the liver grows 
rapidly to fill most of the embryonal abdominal cavity and by nine 
weeks' gestation accounts for approximately 10% of the total weight 
of the embryo (4). The bile canaliculi appear in the 10-mm embryo 
as intercellular spaces between immature hepatocytes 
(hepatoblasts). 


The epithelium of the intrahepatic bile ducts arises from the proximal 
part of the primitive hepatic cords. This process is largely determined 
by the progressive development and branching of the portal vein with 
its surrounding mesenchyme. First, the epithelial layer in direct 
contact with the mesenchyme around the portal vein transforms into 
bile ducta€“type cells. Then a second layer transforms into bile duct 
epithelial cells, resulting in a circular cleft in the shape of a cylinder 
around the portal vein and its enveloping mesenchyme (Figure 28.1). 
This primitive channel duct in the 8-mm embryo (five to six weeks of 
gestation) is termed the ductal plate (5), which then undergoes 
gradual remodeling to form the normal anastomosing system of bile 
ducts in the portal tracts (6,7). The differentiation of intrahepatic 
ducts is recognized in embryos of 22 to 30 mm. Despite the common 


ancestry of hepatic parenchymal cells and ductal epithelium, each 
cell type is structurally and functionally distinct. The walls of the 
terminal twigs of the biliary tree, the canals of Hering, which connect 
bile canaliculi to bile ducts, include both typical hepatocytes and bile 
duct cells, without intermediate forms. 


Functionally, intrahepatic hematopoiesis begins during the sixth 
week, hepatocyte bile formation by the twelfth week, and excretion 
of bile into the duodenum by the sixteenth week. The third trimester 
marks the cessation of hematopoiesis with a concomitant decrease in 
liver growth so that the liver accounts for approximately 5% of the 
newborn's body weight. 
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Figure 28.1 Ductal plate (arrows) developing around the portal 
vein mesenchyme in the liver of a 10-week-old embryo. There is 
extramedullary hematopoiesis in the sinusoids. 


Apoptosis 


Apoptosis occurs at all stages during fetal growth and development 
of ductal plates and hepatoblasts. There is a good correlation 
between the proliferative and the apoptotic activities in the ductal 
plate, depending on the remodeling process (8). Involution of liver 
hyperplasia and neoplasia (9,10,11,12) also is controlled by 
apoptosis, which is induced by transforming growth factor-Î21 
(11,12,13). In these regressing livers or tumors, scattered apoptotic 
bodies, rather than massive lytic necrosis, are observed. In viral 
infections, such as cytomegalovirus and herpes hepatitis, apoptosis 
has been proposed as a mechanism of cell death. In viral hepatitis B, 
however, it is not clear if cell death is mediated directly by the virus 
or by the host immune system through the release of cytokines such 
as tumor necrosis factor-a to the infected cells (14). In normal liver 
tissue, although rare, individual apoptotic bodies may be seen, which 
Suggests that apoptosis is a physiological process in the liver (15) 
(Figure 28.2). 


Gross Morphology 


The liver of an adult weighs 1400 to 1600 g, comprising 2% of the 
body weight (3,16). It is relatively larger in infancy, representing 
Oone-eighteenth of the birth weight, mainly 
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due to a large left lobe. The liver resides predominantly in the 
abdominal right upper quadrant and is completely protected by the 
rib cage. It extends from the right fifth intercostal space in the 
midclavicular line down to the right costal margin and to the left as 


far as the left midclavicular line. It has the appearance of a wedge 
with the base to the right and measures about 10 cm in vertical 
span, 12 to 15 cm in thickness, and 15 to 20 cm in its greatest 
transverse diameter. 


Figure 28.2 An hepatocyte undergoing apoptosis. 


It is divided by deep grooves into two large lobesa€”the right (lateral 
to falciform ligament) and left (medial to falciform ligament)a€”and 
two smaller lobesa€”the caudate and quadrate lobes. This traditional 
division is only of topographical significance. Functionally, the 
division into eight segments, which do not correspond to the 
anatomical division into lobes (17), is more important. Each segment 
is served by its own vascular pedicle of arterial and portal venous 
blood supply and branch of the biliary tree. This segmental division is 
of critical importance, particularly when dissecting small space- 
occupying lesions from these areas or when removing segments of 
liver for transplantation. The superior, anterior, and lateral surfaces 
of the liver are smooth and almost completely covered by 


peritoneum, except for a small triangular areaa€”the a€cebare 
areaa€* below the diaphragma€”which is surrounded by the 
reflections of the peritoneum forming the coronary ligaments. A thin 
layer of fibrous connective tissue, the Glisson's capsule, surrounds 
the liver and extends into the parenchyma to form extensions that 
Support arterial and biliary structures. Anteriorly, the falciform and 
round ligaments, which during fetal life conducted the left umbilical 
vein, connect the liver to the abdominal wall. Through the posterior 
surface of the liver at the base of the bare area runs the inferior 
vena cava, to which two to four hepatic veins connect. The fossa of 
the gallbladder and the round ligament separate the quadrate lobe 
from the right and left liver lobes, respectively. The fossa of the 
ductus venosus (i.e., the connection of the left umbilical vein to the 
vena cava inferior) and the inferior vena cava separate the caudate 
lobe from the left and right lobes of the liver. The horizontal portal 
fissure (or porta hepatis), which joins the upper ends of the 
gallbladder fossa and the groove of the round ligament, contains the 
branches of the hepatic artery, the portal vein, the hepatic nerve 
plexus, the hepatic ducts, and lymph vessels. 


Anatomy 


Blood Supply and Drainage 


The liver is nourished by a dual blood supply, approximately three- 
fourths via the portal vein and the remainder via the hepatic 
arteries. The portal vein carries venous blood from the alimentary 
tract, including the pancreas, which is rich in nutrients; whereas the 
hepatic artery supplies arterial blood from the celiac axis that is rich 
in oxygen for liver survival. 


Venous outflow is provided by the right, middle, and left hepatic 
veins. The right hepatic vein drains the right lobe, the middle hepatic 
vein drains primarily the middle portion of the left lobe and a 
variable portion of the right, and the left hepatic vein provides the 


principal drainage of the left lateral lobe. The middle and the left 
hepatic veins often join together to form a common trunk before 
entering the vena cava. In addition, there are short venous segments 
that drain the posterior surface of the liver directly into the inferior 
vena cava (18). 


Bile Ducts 


Bile ducts accompany the hepatic artery and portal vein while 
coursing through the liver. They are nourished by the hepatic 
arteries via a complex peribiliary plexus of capillaries, which supplies 
all structures within the portal tracts. Bile is formed in hepatocytes, 
steadily secreted into bile canaliculi, canals of Hering, and then to 
the intra- and extrahepatic bile ducts. The extrahepatic biliary tract 
consists of a gallbladder that ends in the cystic duct. The cystic duct 
joins the hepatic duct to form the common bile duct, which enters 
the second portion of the duodenum through its muscular structure, 
the sphincter of Oddi (19). 


Lymphatics 


The capsule and the stroma of the liver is rich in lymphatic 
structures. The lymphatic plexus found in the capsule forms 
Significant anastomoses with the intrahepatic lymphatics. The 
importance of these anastomoses is evident when hepatic venous 
pressure is increased; exudation of excess lymph from the capsular 
plexus forms protein-rich ascitic fluid. The intrahepatic lymphatic 
system exists as a fine, valved plexus associated with branches of 
hepatic artery in portal tracts. Hepatic lymph is most likely formed in 
the interstitial space of Disse. Lymphatic capillaries are not observed 
within the acini (20,21). Most of the hepatic lymphatics leave the 
liver at the porta hepatis and drain into hepatic nodes along the 
hepatic artery and into the celiac nodes. Other important efferent 
routes are via the falciform ligament and the superior epigastric 
vessels to the parasternal nodes, from the bare area to posterior 


mediastinal nodes, and from the visceral surface to the left gastric 
nodes. 


The liver represents the largest single source of lymph in the body, 
producing 15 to 20% of the overall total volume (22) and 25 to 50% 
of the thoracic duct flow (21). Furthermore, hepatic lymph has an 
unusually high protein content, about 85 to 95% of that in plasma, 
and a high content of lymphocytes. 
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Nerve Supply and Innervation 


The liver is innervated by two separate but intercommunicating 
plexuses around the hepatic artery and portal vein and are 
distributed with their branches (23). They include parasympathetic 
fibers from both vagi and sympathetic fibers, which receive their 
preganglionic connections from spinal segments T7 to T10 (24). The 
hilar plexuses also include afferent visceral and phrenic fibers. 
Besides their presence around vascular structures in portal tracts, 
nerve fibers (mostly sympathetic) are present in the parenchyma 
along the sinusoids. Release of neurotransmitters from the 
intrasinusoidal fibers modulate hepatocyte and _ perisinusoidal cell 
function. It controls in part carbohydrate and lipid metabolism and 
induces contraction of perisinusoidal cells, thereby regulating 
intrasinusoidal blood flow (25). However, neural mechanisms may 
have only a minor regulatory role because limited reinnervation in 
liver allografts does not seem to impair their function. Denervation 
probably explains the impaired normal response of the liver to 
ischemia, sinusoidal dilatation seen in liver allografts, and impaired 
metabolic function in cirrhosis (26,27). 


Histology 


The structural organization (16,28,29,30,31) of the liver into 
parenchymal, interstitial, vascular, and ductal elements is based on 


its many functions and its position between the digestive tract and 
the rest of the body. The functional unit of the liver is represented by 
the hepatic lobule or rather, as defined by Rappaport (3,32), the 
hepatic acinus (Figure 28.3). The latter is a regular, three- 
dimensional structure in which blood flows from a central axis, 
formed by the terminal portal venule and terminal hepatic arteriole in 
the portal tract, into the acinar sinusoids and empties into several 
terminal hepatic venules at the periphery of the acinus (Figure 28.4). 
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Figure 28.3 Diagram comparing the hepatic acinus with zones 1, 
2, and 3 to the hepatic lobule (dotted line). Portal tract contains 
portal venule (v), hepatic arteriole (a), and hepatic duct (d). (t, 
terminal hepatic venule) 


Figure 28.4 Normal human liver showing two portal tracts 
(arrows) and one terminal hepatic venule (arrowhead). 


In contrast, the hepatic lobule consists of an efferent central vein 
with cords of hepatocytes radiating to several peripheral portal tracts 
(33). Therefore, in a two-dimensional view, the acinus occupies parts 
of several adjacent lobules. The acini measure 560 to 1050 Aum in 
length and 300 to 600 Aum in width. The division of the hepatic 
parenchyma into the classic lobules, with changes described as being 
centrilobular, midzonal, and peripheral or periportal, is still used as a 
convenient landmark. However, Rappaport acinus has now come to 
be more generally accepted. The acinus is subdivided into zones 1, 2, 
and 3 with decreasing oxygenation (34). The hepatocytes in zone 1 
are nearest to portal tracts and correspond to the peripheral area of 
the classic lobule. Zone 2 corresponds roughly to the midzonal area 
of a classic lobule, and zone 3 corresponds to parts of several 
centrilobular areas. 


The terminal vascular branches, which bring substances for nutrition 
and metabolism into the acinus, run along the terminal bile ducts 


that drain the secretory products of the same acinus. The vessels 
form a vascular plexus around the bile ducts (35). Thus, as a result 
of the sinusoidal blood flow, structural, secretory, and functional 
unity is established in the acinus. The oxygen gradient, metabolic 
heterogeneity, and differential distribution of enzymes across the 
three zones of the acini (14) explain the zonal distribution of liver 
damage due to ischemia and toxic substances. 


Hepatocytes and Bile Canalicull 


The hepatocytes are arranged in spongelike plates that in the adult 
are normally one-cell layer thick and are separated 
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by sinusoids along which blood flows from portal tracts to terminal 
hepatic venules (Figure 28.5). Surrounding the terminal hepatic 
venules, the hepatocytes exhibit a more regular radial pattern. Away 
from the perivenular area, the liver cell plates are arranged less 
regularly without distinct radial arrangement. In children up to 5 or 6 
years of age, the liver cells are arranged in two-cell thick plates 
(Figure 28.6). In adults, the presence of two-cell thick plates and the 
formation of rosettes indicates regeneration. 


Figure 28.5 Terminal hepatic venule surrounded by converging 
hepatocyte plates and sinusoids. 


The individual hepatocyte is a polygonal epithelial cell approximately 
25 Aum in diameter with a well-defined plasma membrane that is 
differentiated into three specialized regions or domains: basolateral 
(70% of total surface area), which faces the sinusoid; bile canalicular 
(15%), bounding that part of the intercellular space that constitutes 
the bile canaliculi; and lateral (15%), facing the rest of the 
intercellular space. Each domain has different molecular, chemical, 
and antigenic compositions and functions. 


Figure 28.6 Liver of a child showing small uniform hepatocytes 
that are arranged in two-cell thick plates. 


The nucleus is centrally located, round, and contains one or more 
nucleoli. At birth, all but a few hepatocytes are mononuclear. In 


adults, although binucleate forms are not uncommon (up to 25% of 
cells), mitotic activity is rare. Nuclei vary in size in the adult, and the 
great majority are diploid (36). Some nuclei are larger than others, 
indicating polyploidy, particularly in persons over 60 years of age 
(37) (Figure 28.7). The significance of polyploidy is unknown and is 
usually more marked in the midzonal area. Since cell size is 
proportional to cell ploidy, polyploidy does not provide an increased 
quantity of genetic material per unit volume of cytoplasm. The 
hepatocytes in the portal limiting plates are smaller than other 
parenchymal cells with more intense nuclear staining and more 
basophilic cytoplasm. Nuclear displacement to the sinusoidal pole 
with hyperchromasia is a cytological indication of regenerative 
activity. 


The abundant cytoplasm is eosinophilic and contains fine basophilic 
granules representing rough endoplasmic reticulum. Cytoplasmic 
glycogen is present and after proper fixation is stainable with 
periodic acid-Schiff (PAS) reagent. On hematoxylin and eosin (H&E) 
preparations, glycogen gives a fine, reticulated, foamy appearance to 
the cytoplasm. The quantity and distribution of glycogen show diurnal 
and diet-related variations. An irregular distribution pattern may 
sometimes be found in biopsies and is not of diagnostic significance 
(Figure 28.8). Glycogen accumulation in hepatocyte nuclei around 
portal tracts produces a vacuolated appearance (Figure 28.9) and is 
common in adolescents. In adults, such an appearance may be 
conspicuous in 
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conditions such as diabetes mellitus, pancreatic carcinoma, and 
chronic heart failure but is usually of no diagnostic significance. 


Figure 28.7 Liver of a 65-year-old patient showing significant 


polyploidy of hepatocyte nuclei (arrow) and binucleate forms 
(arrowhead). 
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Figure 28.8 Periodic acid-Schiff reaction shows irregular 
distribution of glycogen (darker color) in the hepatocytes. 


A few vacuoles and small quantities of stainable iron are common in 
normal hepatocytes, particularly in older individuals. Hemosiderin 
and copper are abundant in the cytoplasm of hepatocytes during the 
first week of life, then gradually disappear and should be absent at 
the age of 6 to 9 months. 


Lipofuscin, the a€cewear and teara€* pigment, is seen in varying 
quantities as fine, well-delineated, light brown, PAS-positive 
diastase-resistant, partly acid-fasta€“positive granules in the 


cytoplasm of hepatocytes in zone 3, particularly at the canalicular 
pole (Figure 28.10). There is a progressive increase of its amount in 
individual hepatocytes and in the number of cells involved in older 
individuals. It is rich in oxidized lipids accumulating in secondary 
lysosomes as a result of autophagy and uptake of exogenous 
substances. It is not found in recently regenerated hepatocytes. It 
may be difficult to distinguish lipofuscin from the pigment that 
accumulates in hepatocytes in large amounts in Dubin-Johnson 
syndrome. 


Figure 28.9 Glycogen accumulation in hepatocyte nuclei 
resulting in clear, empty appearance. 


Figure 28.10 Lipofuscin in hepatocytes of zone 3 of the acinus. 
The finely granular pigment accumulates along the bile canaliculi 
(arrows). 


In contrast to lipofuscin, iron and copper are coarser, birefringent, 

and usually deposited in periportal hepatocytes. Intracellular bile is 

poorly defined and less granular than the other pigments and often 

forms thrombi in bile canaliculi in zone 3 (38) (Figure 28.11). 

Isolated eosinophilic bodies as a result of coagulative necrosis, rare 
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apoptotic bodies representing normal turnover of hepatocytes (15), 

and an occasional focal necrosis where chronic inflammatory cells 

replace a few necrotic hepatocytes are not unusual in otherwise 

apparently normal livers. 


Figure 28.11 Canalicular bile thrombi (arrows) in zone 3 of the 
acinus. 


Figure 28.12 CD10 immunostaining delineates the twig-like 


structures of bile canaliculi, as well as the lumen of bile ducts 
and  ductules. 


The bile canaliculus is an intercellular space with a diameter of 
approximately 1 Aum, formed by the apposition of the edges of 
gutterlike hemicanals on adjacent surfaces of two or three 
neighboring hepatocytes. Bile canaliculi are not readily recognized 
under the light microscope unless distended in conditions with 
parenchymal cholestasis, which is accompanied by hepatocyte 
rosetting. Bile canaliculi form a chicken wirea€“like network in the 
center of the hepatic plates, which can be demonstrated 
immunohistochemically with polyclonal anticarcinoembryonic antigen 
(pCEA) or CD10 (Figure 28.12). Bile canaliculi connect to bile 
ductules via canals of Hering. 


Sinusoidal Lining Cells 


In normal liver biopsy specimens, sinusoids are slitlike spaces that 
contain a few blood cells. The periportal sinusoids are more tortuous 
than the perivenular ones. 


Hepatic sinusoids separate cords of hepatocytes and are lined by 
sinusoidal lining cells Supported by reticulin fibers (Figure 28.13). 
These cells, which include endothelial and Kupffer cells, constitute a 
coordinated defense system. They are not conspicuous in normal 
biopsy specimens. The endothelial cells have thin, indistinct 
cytoplasm and small, elongated, darkly stained nuclei without 
nucleoli. The sievelike plates of the endothelial cytoplasm and the 
absence of a structurally defined basement membrane (in contrast to 
capillaries) facilitate exchange between blood and hepatocytes 
(20,39,40). 


on 


Figure 28.13 Hepatic sinusoids lined by reticulin fibers in a 
normal liver (reticulin stain). 


The Kupffer cells have a bean-shaped nucleus and plump cytoplasm 
with star-shaped extensions (41). They are more numerous near the 
portal tracts. They belong to the mononuclear-phagocytic system and 
are derived in part from the bone marrow. They contain vacuoles 
and, particularly in the diseased liver, many diastase-resistant PAS 
(PAS-D)a€“positive lysosomes and phagosomes, as well as acid-fast 
granular aggregates of ceroid pigment. These cells respond actively 
to many types of injury by proliferation and enlargement. 


Between the endothelial cells and the hepatocytes lies the space of 
Disse, a zone of rapid intercellular exchange. It contains plasma, 
scanty connective tissue that constitutes the normal framework of 
the liver, and perisinusoidal cells such as hepatic stellate cells (Ito 
cells, interstitial fat-storing cells, or hepatic lipocytes) and pit cells. 
The connective tissue fibers along the sinusoids represent 
predominantly collagen type III, which stains black in silver 
impregnations (reticulin) and forms a regular network radiating from 


the center of the lobules. Elastic fibers and basement membranes are 
absent from normal sinusoids (42,43). The space of Disse is not 
discernible in well-fixed, normal liver biopsy material; but in 
postmortem liver, the hepatocytes shrink, pericellular edema 
develops, and the space becomes more conspicuous (Figure 28.14). 


On light microscopy, hepatic stellate cells (44) are difficult to 
differentiate from sinusoidal lining cells. They are modified resting 
fibroblasts that can store fat and vitamin A and produce hepatocyte 
growth factor (45) and collagen. They play a significant role in 
hepatic fibrogenesis. When loaded with fat, such as in 
hypervitaminosis A, they may be recognized due to cytoplasmic fat 
droplets of rather uniform size with scalloping of the elongated 
nucleus (Figure 28.15). When activated, these cells contain stainable 
desmin and actin in their cytoplasm (46), justifying their designation 
as myofibroblasts. 


Figure 28.14 Autopsy liver specimen exhibiting dilatation of 
sinusoids and Disse's space (arrow) with prominent sinusoidal 
lining cells including endothelial and Kupffer cells. 


Pit cells (47,48) have not been characterized by light microscopy. 
Under the electron microscope, they have neurosecretory-like 
electron-dense granules and rod-cored vesicles. Recent evidence 
indicates that pit cells are not endocrine cells but correspond to the 
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large granular lymphocytes and have natural killer cell activity (49). 


Occasional inflammatory cells, lymphocytes, or polymorphonuclear 
leukocytes may be present in the sinusoids. During the first few 
weeks after birth, the presence of foci of extramedullary 
hematopoietic cells in the sinusoids and wall of terminal hepatic 
venules is a normal feature. 


Figure 28.15 Prominent lipocytes in liver biopsy specimen of 
patient with hypervitaminosis A. The nuclei of the lipocytes are 
scalloped (arrows) due to fat droplets in cytoplasm. 


Hepatic Veins 


The intrahepatic course of the valveless hepatic veins, which are 
embedded in a thin sheath of connective tissue, is straight to the 
inferior vena cava. The smaller branches (or sublobular veins) and 
the smallest efferent veins (or terminal hepatic venules) are in direct 
contact with the hepatic parenchyma. There is a defined spatial 
relationship between the terminal hepatic venules and the branches 
of the portal vein and hepatic artery in the portal tracts, which 
interdigitate but do not directly connect in the three-dimensional 
space. 


The distance between two terminal hepatic venules represents the 
size of an acinus. The terminal hepatic venules have a very thin wall 
(Figure 28.5) lined by endothelial cells, which is readily demonstrable 
after staining with trichrome for collagen or Victoria blue for elastic 
fibers, but they do not have an adventitia around their wall (50). 


It has been suggested that perivenular sclerosis in alcoholic patients 
may be an index of progressive liver injury (50), although this has 
been disputed subsequently (51). Thickening of the wall of terminal 
hepatic venules is often part of pericellular fibrosis and central hyalin 
sclerosis in alcoholic liver disease (51). It may be seen focally in 
apparently normal individuals, as well as in children up to 2 years of 
age. 


Portal Tracts 


Each portal tract contains a bile duct and several bile ductules, a 
hepatic artery branch, a portal vein branch, and lymphatic channels 
embedded in connective tissue (Figure 28.16). The amount of 
connective tissue and the size of the intraportal structures depend on 
the size of the portal tract. 
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Nerve fibers, both sympathetic and parasympathetic for innervation 
of blood vessels and bile ducts, can be seen in large portal tracts. 
The largest portal tracts are round or triangular, the smaller ones are 
triangular or branching, and the smallest terminal divisions are round 


or oval. The size of a portal tract is approximately three to four 
times the diameter of the hepatic artery branch. They normally 
contain a few lymphocytes, macrophages, and mast cells, but no 
polymorphonuclear leukocytes or plasma cells. The number of 
inflammatory cells increases with age. However, their density varies 
from one portal tract to the next. The connective tissue consists 
mainly of collagen type |, which is seen as thick, deep blue fibers on 
the trichrome stain (Figure 28.17). Newly formed collagen type Ill 
appears as fine, light blue fibers. In the subcapsular region of the 
liver, the portal tracts contain more and denser connective tissue. 
Irregular extensions of fibrous tissue from Glisson's capsule into the 
parenchyma, sometimes connecting adjacent portal tracts, must not 
be interpreted as cirrhosis in wedge or superficial biopsy specimens 
of subcapsular parenchyma (52). 
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Figure 28.16 Normal portal tract with bile duct, hepatic 
arteriole, portal venule, and clearly defined limiting plate 
(arrows). 
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Figure 28.17 The connective tissue of portal tracts consists of 
mainly collagen type I, which appears as thick, deep blue fibers 


on trichrome stain. 


Bile Ducts 


The larger intrahepatic or septal bile ducts are lined by tall columnar 
epithelial cells measuring about 10 mm in diameter with basally 
situated, pale, oval nuclei and light eosinophilic cytoplasm (53,54) 
(Figure 28.18). They have an internal diameter greater than 100 
Aum and a distinct basement membrane stainable with PAS-D. 


Lymphocytes may occasionally be present within the lining 
epithelium. The larger bile ducts are located in the central part of the 
portal tracts and have more periductal fibrous tissue than the smaller 
ones. The collagen fibers are arranged in an irregular and 
circumferentiala€”but not concentrica€”manner, as may be seen in 
chronic biliary tract diseases such as primary sclerosing cholangitis 
and as a sequela of chronic cholecystitis. 
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Figure 28.18 A large portal tract containing an artery and a bile 
duct lined by columnar epithelial cells. 


The smaller or interlobular bile ducts are lined by cuboidal or low 
columnar epithelium. They have a basement membrane and a small 
amount of periductal connective tissue. One or more _ interlobular 
ducts may be present in a portal tract. Bile ducts are always 
accompanied by a portal vein and a hepatic artery, the latter having 
approximately the same diameter as the bile duct (external caliber 
ratio of bile duct to artery is 0.7:0.8) (54) (Figure 28.19). The bile 
ducts are connected to the bile canaliculi by bile ductules and canals 
of Hering. 
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Figure 28.19 Normal portal tract in a newborn, with bile ducts 
and their corresponding hepatic arterioles of approximately the 


same diameter. 


Figure 28.20 Bile ductules (arrowheads) are located in the 
peripheral zone of the portal tract and are smaller than the bile 
ducts (arrows). 


Bile ductules are located in the peripheral zone of the portal tracts 
and are smaller (lumen of less than 20 Aum) than the interlobular 
bile ducts (Figure 28.20). They have a basement membrane, are 
lined by cuboidal cholangiocytes, and are accompanied by a portal 
vein but not by a hepatic artery branch. Bile ductules may be 
observed at the edge of the portal tract stroma or may transverse 
the limiting plate, in which case it will have an a€ceintralobulara€« 
as well as an a€oeintraportala€* segment. Ductular reaction, or 
proliferation of bile ductules, occurs in a variety of chronic liver 
diseases and can be so extensive as to raise the question of 
adenocarcinoma (55). Proliferating bile ductules should be 
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differentiated from ductular hepatocytes, which are seen in zone 1 of 
the liver acini in massive hepatic necrosis (56). Canals of Hering, 
which are the physiologic link between hepatocyte canaliculi and the 
biliary tree, are not discernible on routine sections of normal liver. 
They are lined partly by cholangiocytes and partly by 
hepatocytesa€”not by cells of intermediate morphology, which are 
not identified in normal livers (57). They can be demonstrated by 
staining for high-molecular weight cytokeratin polypeptides (CK7, 
CK19), which are prominent in all cells of ductal origin (Figure 
28.21). 


Portal Vein and Hepatic Artery 


The lymphatic vessels in portal tracts drain the spaces of Disse. The 
lymph flows in the same direction as the bile, opposite to that of the 
blood. The hepatic artery branches are intimately related to the 
corresponding portal veins. They may show thickening and 
hyalinization of the wall in older persons, although these changes are 
usually milder than in other organs. The terminal hepatic arterioles 
regulate the parenchymal blood supply with their muscular sphincter 
(58), whereas the portal venous supply is controlled by mesenteric 
venous blood flow. 


= ` Pee 8S 


Figure 28.21 Proliferating bile ductules and hepatocytes 
undergoing ductular metaplasia (arrow) in chronic cholestasis are 
stained brown with anti-CK7. 


The portal veins are the largest vessels in the portal tracts and 
produce venules that empty into periportal sinusoids. In contrast to 
hepatocytes around the terminal hepatic venules, the hepatocytes 
bordering the portal tracts are joined together and form a distinct 
row called the limiting plate (59). Destruction of this limiting plate by 
necroinflammation and/or apoptosis is a hallmark of chronic hepatitis 
(piecemeal necrosis/interface hepatitis) (Figure 28.22). 


Figure 28.22 Liver from a patient with chronic hepatitis showing 
destruction of the limiting plate by extension of inflammatory 
cells from the portal tract into the periportal parenchyma with 
necrosis/apoptosis of hepatocytes (piecemeal necrosis/interface 
hepatitis). 
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Extracellular Matrix 


Both interstitial and basement membrane collagens are present in 
the liver and play an important role, not only as structural elements 
but also in hepatic function (60). Collagen lâ€”the main component 
of the dense, birefringent connective tissue fibersâ€”is seen mainly 
in portal tracts and walls of hepatic veins and rarely in the normal 
parenchyma, whereas collagen IIl and IV are present along the 
sinusoids (5). Collagen | can be demonstrated with connective tissue 
stains; collagen IIl can be seen with silver impregnation for reticulin. 
Collagen Il, characteristic of cartilage, is absent from the liver. 
Collagens IV and V, the basement membrane collagens, and laminin 


are seen in the basement membrane of vessels, bile ducts, and bile 
ductules but (except for some collagen IV) not along the sinusoids of 
normal human liver (42,60). Distribution of elastic fibers in the liver, 
as demonstrated by orcein, resorcin, or Victoria blue stains, seems to 
follow that of collagen | (43). Fibronectin, an extracellular matrix 
glycoprotein, is present diffusely along the sinusoidal surface of 
hepatocytes and in portal tracts together with the other collagens 
(61). All components of the extracellular matrix are visualized best 
by immunohistochemical staining using specific antibodies. 


Methodology 


Specimen Handling 


At the time of the biopsy procedure, the needle liver biopsy specimen 
is immediately examined for adequacy. It should be at least 1.5 cm 
in total length; otherwise, another pass is recommended. Adequate 
size of the specimen minimizes sampling error. 


After the biopsy procedure (62,63), the liver specimen should be 
handled as little as possible and with utmost care to avoid squeezing 
and drying artifacts. If the case so indicates, small pieces of liver 
tissue may be frozen for histochemistry, immunohistochemistry, 
chemical analysis or fixed in glutaraldehyde for electron microscopy. 
If required, cultures should be taken. Then the tissue should be 
transferred quickly into the appropriate fixative solution, usually 10% 
buffered formalin. Needle biopsy specimens may be arranged on a 
piece of card to prevent distortion and fragmentation. At this stage, 
the gross appearance of the liver specimen is noted. Particular 
attention should be paid to fragmentation, which suggests cirrhosis, 
and to the number, size, shape, and color of the fragments. Tumors 
or granulomas, for example, can be recognized as white areas in an 
otherwise reddish brown tissue. Gray-black discoloration is seen in 
Dubin-Johnson syndrome, rusty brown in hemochromatosis, green in 
cholestasis, and yellow in steatosis or in older individuals from the 


lipofuscin deposition. 


Needle biopsy specimens are fixed for at least three hours at room 
temperature, whereas wedge biopsy specimens, after sectioning into 
2-mm thick slices, need longer fixation. Formalin penetrates most 
tissues at about 0.5 mm per hour at room temperature. In order to 
avoid shrinkage and hardening of the tissue, it is important to 
process liver specimens separately from other tissues and on a more 
rapid schedule in the automated tissue processor. Rush liver biopsy 
specimens are manually processed to shorten the time schedule to 
meet the needs of critically ill patients. More than 10 consecutive 
sections, 3 to 5 Aum in thickness, can be cut without artifact from 
well-embedded specimens. Usually paraffin is used for embedding, 
but plastic embedding may be used to obtain thinner sections. 


Special Stains 


The tissue is routinely stained with H&E. Masson's trichrome, Sirius 
red, or chromotrope-aniline blue stains are used for fibrous tissue; 
Victoria blue or orcein is used for hepatitis B surface antigen 
(HBsAg), elastic fibers, lipofuscin, ceroid, and copper-binding 
protein; PAS with diastase (PAS-D) is used for glycoproteins, 
including {+1-antitrypsin inclusions (Figure 28.23), ceroid in 
macrophages (Figure 28.24), basement membranes of bile ducts, 
cytoplasmic inclusions of cytomegalovirus, and Mycobacterium 
avium-intracellulare. Stains for reticulin and iron are also important. 
If it is not possible to perform all these stains, at a minimum a 
special stain for connective tissue, such as Masson's trichrome, 
and/or reticulin should be obtained in order to assess the lobular 
architecture and to facilitate the diagnosis of cirrhosis. 


It should be emphasized that an adequate and properly processed 
liver specimen without artifacts is an important 
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prerequisite for the accurate evaluation by an experienced 
histopathologist, who should be supplied with all relevant clinical and 


laboratory data. 


Figure 28.23 Alpha-1l-antitrypsin granules and globules in 
periportal hepatocytes (PAS-D). 


Figure 28.24 Ceroid pigment in macrophages as an indicator of 
previous hepatocyte injury/necrosis (PAS-D). 


Microscopic examination should conform to a routine and include all 
tissue fragments and all structures of the liver (architecture, portal 
triads, limiting plate, hepatocytes, sinusoidal cells, and terminal 
hepatic venules). We usually start with careful examination of zone 3 
of the acinus because many changes are found here (congestion, fat, 
necrosis, cholestasis, pigments, endophlebitis) and then move to the 
remainder of the parenchyma and portal tracts. Sampling error, 
particularly in focally or irregularly distributed disease processes, 
always must be taken into consideration. Squeezing of tissue during 
the biopsy procedure results in distortion of cells and elongation of 
nuclei, which makes cytologic evaluation of the specimen difficult (for 
other artifacts, see section In the Liver at Autopsy below). 


I mmunohistologic Studies 


Recent progress in immunology, particularly the development of 
monoclonal antibodies and of highly sensitive immunohistochemical 
staining procedures (peroxidase-antiperoxidase and avidin-biotin- 
peroxidase complex methods), has made it possible to demonstrate 
many antigens in routinely processed (i.e., formalin-fixed and 
paraffin-embedded) tissue sections. Blocking of biotin is often 
required prior to the application of primary antibodies because 
hepatocytes contain large amount of endogenous biotin, which can 
give a false positive reaction; such a false positive is even more 
pronounced with the use of antigen retrievals (64,65). 


Cytokeratins (CK) are the intermediate filaments of epithelial cells 
and are present in hepatocytes and, in greater amounts, in the bile 
duct epithelium. Different as well as similar cytokeratins are 
expressed by hepatocytes and bile ducts. Embryonal hepatocytes 
contain CK8, CK18, and CK19. The expression of CK19 in hepatocytes 


dissappears by the tenth week of gestation (66). Mature hepatocytes 
in the normal liver contain only CK8 and CK18 and thus stain 
diffusely with keratin CAM 5.2. Cytokeratin staining of hepatocytes is 
usually more intense in the acinar zone 1. Most hepatocytes also 
stain with keratin 3512H11, which reacts with CK8 only (67). 
Hepatocytes do not stain with vimentin, epithelial membrane antigen, 
CK7, and CK19. HepParl stains hepatocytes in a diffuse, granular, 
cytoplasmic pattern (68,69) (Figure 28.25). Normal hepatocytes do 
not stain with AFP, but hepatocytes in cirrhotic nodules may 
occasionally show focal positive staining (70). 


Cytokeratin polypeptides may be altered in specific liver diseases 
such as alcoholic hepatitis with formation of Mallory hyalins (67). 
Mallory hyalins are composed of heterogenous cytokeratin filament 
and usually react strongly with antibody to CK18, 34Î2E12, and CAM 
5.2 antibodies and with antibody to ubiquitin (71,72). They also react 
occasionally with CK7 and CK19. 


Bile canaliculi can be demonstrated using pCEA and CD10 (73) 
(Figure 28.12). 


Sinusoidal endothelial cells show phenotypic differences with vascular 
endothelium. Normally, they do not bind the lectin ulex europaeus; 
they do not express factor VIilla€“related antigen or contain other 
molecules found in vascular endothelium, such as CD34 and CD31. 
They, however, assume these phenotypic properties in chronic liver 
diseases and in hepatocellular carcinoma (74,75,76). 


Several markers of neural/neuroectodermal differentiation have been 
found in hepatic stellate cells. These are 
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synaptophysin, glial fibrillary acidic protein (GFAP), and neural cell 
adhesion molecule (N-CAM), which can be used to identify resting 
stellate cells (77,78,79). When activated, these cells show 
expression of vimentin, desmin, and smooth muscle actin, which 
suggests myofibroblastic differentiation (46). 


Figure 28.25 Granular staining of hepatocytes using HepParl 
antibody excludes other cells and all structures in the portal 
tract. 


Figure 28.26 Cytokeratin 7 immunostaining of bile duct and bile 
ductules. 


Bile ducts and ductules are readily revealed by immunostaining for 
bile ducta€“type CK7 and CK19 (80) (Figure 28.26). Cytokeratin 7 
immunostaining is useful to evaluate the presence or loss of bile 
ducts, such as in cholestatic liver diseases and chronic rejection in 
liver transplantation. Bile ducts also stain with CK8, CK18, AE1/AE3, 
3512H11, and 34Î2E12 antibodies (67). Some hepatocytes in the 
periphery of cirrhotic nodules may react with keratin AE1/AE3, CK7, 
and CK19 antibodies, thus suggesting biliary differentiation (81,82) 


(Figure 28.21). 


Detection of the following antigens is useful in the diagnostic 
evaluation of liver diseases: {+1-antitrypsin in PAS-Da€“positive 
intracytoplasmic globules in periportal hepatocytes of patients with 
[+1-antitrypsin deficiency (Figure 28.18); {+-fetoprotein in 
hepatocellular carcinoma; and CEA, CK7, and Lewis blood group 
antigens in bile duct carcinoma, although CEA is also expressed in 
some hepatocellular and many other metastatic carcinomas (83,84). 


The presence or absence and distribution pattern of viral antigens 
are helpful in the diagnostic and prognostic evaluation of viral 
hepatitis, particularly hepatitis B surface (Figure 28.27) and core 
antigens (Figure 28.28) in hepatitis B virus (HBV) or in dual HBV and 
HCV (hepatitis C virus) infection. The detection of hepatitis A, C, and 
delta (D) antigens and of herpesvirus antigens (cytomegalovirus, 
herpes simplex virus, and Epstein-Barr virus) confirms the cause of 
acute or chronic hepatitis (85). Since the cloning and sequencing of 
the HCV genome in 1989, there have been a number of studies for 
the detection of HCV antigens in the liver. However, the reports are 
conflicting (86,87,88). The detection rate of positive cases varied, 
which may be related to tissue sampling and differences in sensitivity 
of various methods and specificity and/or to avidity of the antibodies. 
Immunohistochemical studies on frozen sections appeared to 
demonstrate HCV antigens more reliably than on formalin-fixed, 
paraffin- embedded sections. 


Figure 28.27 Immunostaining of hepatitis B surface antigen 
(HBsAg) in cytoplasm of ground-glass hepatocytes in an 
asymptomatic HBV carrier. 


The expression of the various components of extracellular matrix in 
the diseased liver is currently under intensive investigation. It is 
clear that development of additional monoclonal antibodies to other 
antigens will further expand the usefulness of immunohistologic 
stainings to the diagnostic hepatopathologist. 
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Figure 28.28 Immunostaining of hepatitis B core antigen 
(HBcAg) in numerous nuclei and cytoplasm of hepatocytes of an 
immunosuppressed patient with high viral replication. 
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Molecular Studies 


In situ hybridization for the detection of DNA or RNA may be 
performed on_ formalin-fixed, paraffin-embedded tissue sections. In 
situ hybridization for albumin mRNA is highly specific for normal 
hepatocytes and hepatocellular tumors (69). 


The detection of viral sequences such as those of Epstein-Barr virus 
and more recently of HCV by in situ hybridization appear to be more 
sensitive than by immunohistochemical methods (89,90,91). The 
sensitivity, especially in HCV infection, in which the number of virus 
in the liver is low, can be further increased by in situ polymerase 
chain reaction (92). 


Aging Changes 


There are several changes in the liver related to aging. These are 
commonly seen in individuals 60 years of age and older. There is 
more variation in the size of the hepatocytes and their nuclei, similar 
to that seen in patients on methotrexate, due to increased polyploid 
cells (93). With aging and atrophy of liver cell cords there may be 
apparent dilatation of sinusoids. More abundant lipofuscin deposition 
is present in the centrilobular hepatocytes, and sometimes there are 
some iron pigments in the periportal hepatocytes. The portal tracts 
contain denser collagen and may exhibit a higher number of 
mononuclear inflammatory cells than in younger subjects. The 
arteries may have thickened walls (Figure 28.29), even in 
normotensive individuals. These histologic changes of aging need to 
be kept in mind because they are often present in viable donors for 
which frozen sections are requested and should not be interpreted as 
pathologic. These aging-related findings are accompanied by 
alteration in the metabolic function of the liver, including the 
metabolism of toxins and drugs (94), and therefore may increase the 
susceptibility of the liver to hypovolemia and decrease its capacity 
for regeneration. 
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Figure 28.29 Thickened hepatic arteriole in an older individual 
(arrow). 


Frequent Histologic Changes of Little 
Significance 


In the Liver at Autopsy 


Liver tissue obtained at autopsy often shows changes that are not 
usually seen in liver biopsy specimens and therefore may cause 
difficulties in the evaluation. Agonal loss of glycogen from 


hepatocytes causes increased density and eosinophilia of the 
cytoplasm. Poor fixation results in irregular staining of hepatocytes, 
particularly in the center of the specimen. This may result in striking 
differences in the appearance of liver cells in the peripheral versus 
the central part of the tissue. 


Agonal necrosis, particularly of hepatocytes in zone 3 in patients with 
shock or heart failure, may not be reflected in elevated 
aminotransferase levels (Figure 28.30). Its terminal nature is 
recognized from the lack of any inflammatory response. Autolysis of 
hepatocytes, particularly in hepatitis and cholestasis resulting in loss 
of cellular detail and prominent sinusoidal lining cells, is often more 
pronounced than in other tissues because the liver is rich in 
proteolytic enzymes. Loss of inflammatory cells by autolysis may 
make the diagnosis of hepatitis in postmortem specimens difficult 
(95). Trichrome stain assists greatly in the identification of portal 
tracts and central venules (and thus the lobular architecture) and, by 
demonstrating the fibrous septa, the chronicity of the condition. 


Figure 28.30 Agonal necrosis in zone 3 hepatocytes of autopsy 
liver without inflammatory cells. 
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Dilatation of the sinusoidal and perisinusoidal spaces is of little 
Significance in postmortem liver tissues (Figure 28.14) as opposed to 
similar changes in well-preserved biopsy specimens. Focal 
accumulation of lymphocytes in scattered portal tracts is frequently 
seen in autopsy livers and does not justify the diagnosis of chronic 
hepatitis. Large tissue sections obtained at autopsy often include 
many large triangular portal tracts with abundant connective tissue 
that can be distinguished from true portal fibrosis by evaluation of 
the size of the intraportal structures. Increased fibrous tissue in 
portal tracts and parenchyma is a normal phenomenon in older 
individuals. 


In Surgical Liver Biopsy Specimens 


Surgical biopsy specimens may have several features not seen in 
needle biopsy specimens that may cause diagnostic difficulties. If the 
surgeon removes a small, Superficial wedge of liver tissue from the 
inferior margin, the triangular tissue fragment is covered on two 
sides by the Glisson's capsule. The fibrous connections between the 
Superficial portal tracts and the capsule may imitate cirrhosis (31) 
(Figure 28.31). However, these changes usually do not extend more 
than 2 mm into the liver parenchyma. 


In biopsy specimens removed at the end of a long surgical 
procedure, clusters of polymorphonuclear neutrophils are seen in or 
under the capsule, in sinusoids, around terminal hepatic venules, in 
portal tracts, and in areas of small focal necroses resembling 
microabscesses, probably as a result of minor trauma (96) (Figure 
28.32). This characteristic lesion must be distinguished from 
inflammatory liver diseases such as cholangitis. Other 


a€ceinnocenta€* hepatic lesions include focal steatosis involving 
small groups of hepatocytes, fat granulomas from mineral oil 
deposition in perivenular areas and in portal tracts; undefined 
pigmentation, and unexplained mitoses of hepatocytes that normally 
have a life span of many years. 


Figure 28.31 Surgical liver biopsy specimen showing fibrous 
connections between the capsule and superficial portal tracts, 
imitating the picture of cirrhosis (trichrome stain). 


Figure 28.32 Surgical liver biopsy specimen showing clusters of 
polymorphonuclear neutrophils in sinusoids resembling 
microabscesses (Surgical hepatitis). 


Minor but Significant Hepatic Alterations 


Nonspecific Reactive Hepatitis 


This poorly defined histologic change represents a reaction of the 
liver to a variety of extrahepatic, particularly febrile, and 
gastrointestinal diseases. Nonspecific reactive hepatitis must be 
differentiated from primary liver diseases such as mild chronic 
hepatitis and residual stages of acute viral hepatitis. The alterations 
consist of activation of sinusoidal lining cells with prominent Kupffer 
cells, foci of isolated hepatocyte necrosis with accumulation of 
macrophages and other inflammatory cells, and mild infiltration of 
some portal tracts by mononuclear cells, without piecemeal necrosis 
or interface hepatitis (Figures 28.33,28.34). Scattered hepatocytes 


also may contain microvesicular or macrovesicular fat droplets. 


Nonspecific reactive hepatitis with steatosis, increased variation in 
size and staining quality of hepatocyte nuclei, sinusoidal dilatation, 
and poorly developed granulomas are seen in livers of patients with 
acquired immunodeficiency syndrome (AIDS) (97,98). The 
granulomas are poorly formed and may be difficult to recognize, but 
special stains may show the a large number of microorganisms such 
as M. avium-intracellulare. Although patients with AIDS are often 
infected with cytomegalovirus, the characteristic intranuclear and 
cytoplasmic inclusions are 
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sometimes not detected in the liver. Instead, focal aggregates of 
polymorphonuclear leukocytes (so-called microabscesses) may be 
seen in the lobules at the sites of the degenerated infected 
hepatocytes or sinusoidal lining cells (98,99) (Figure 28.35). 


Figure 28.33 Nonspecific reactive hepatitis characterized by 
activation of sinusoidal lining cells (arrows). 


Vicinity of Space-Occupying Lesions 


Nonspecific reactive changes are also seen in patients with space- 
occupying lesions in the liver (100). Although the biopsy specimen 
may not include the neoplasm, the abscess, or the cyst, a 
characteristic histologic triad is often observed in the adjacent liver. 
These changes consist of proliferated and distorted bile ductules with 
irregular and even atypical epithelium accompanied by neutrophils in 
edematous portal tracts, and focal sinusoidal dilatation and 
congestion (Figure 28.36). In contrast to large bile duct obstruction 
and other biliary tract diseases such as primary sclerosing 
cholangitis, cholestasis is usually absent. In addition, the liver cell 
plates may be compressed and distorted with atrophy of hepatocytes. 
These histologic changes are the result of focal obstruction of blood 
and bile flow by the expanding mass. They may be subtle and are 
usually focal 
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with involvement of small portal tracts. The described triad is 
characteristic for the vicinity of a space-occupying lesion, and its 
recognition in a liver specimen should lead to continued search for a 
neoplasm, cyst, or abscess. 


Figure 28.34 Dense lymphocytic aggregate in a portal tract with 
chronic hepatitis C. 


Figure 28.35 Aggregates of polymorphonuclear leukocytes in 
sinusoid adjacent to a cytomegalovirus-infected cell (arrow). 


Figure 28.36 Liver biopsy specimen of patient with metastatic 


carcinoma showing dilatation of sinusoids in zone 2, as well as 
proliferation of bile ductules and infiltration of portal tract by 
neutrophils. The specimen did not contain metastatic carcinoma, 
but the histologic changes are consistent with the vicinity of a 
space- occupying lesion. 


Sinusoidal Dilatation 


Acute or chronic venous congestion with dilatation of sinusoids in 
Rappaport acinus zone 3 and of terminal hepatic venules is 
frequently seen at autopsy but also in biopsy specimens; it is usually 
a consequence of right-sided congestive heart failure, whereas 
irregular necrosis of hepatocytes in zone 3 is often caused by left- 
sided heart failure or shock (101). In more severe and chronic cases, 
there is also atrophy of hepatocytes with increased lipofuscin 
accumulation and scattered small droplet fat vacuoles, enlargement 
of Kupffer cells containing ceroid pigment, focal cholestasis, and 
progressive fibrosis in the periphery of the acinus (rather than 
concentric around the central venules). Engorgement of sinusoids 
around terminal hepatic venules is also observed in patients with 
Budd-Chiari syndrome, veno-occlusive disease, sepsis, malignant 
tumors, so-called collagen diseases, granulomatous diseases, Crohn's 
disease, and in patients with AIDS (97,102,103,104). 


In contrast, dilatation of sinusoids in Rappaport acinus zone 1 has 
been observed in pregnancy, in renal transplant patients, after 
exposure to anabolic/androgenic or contraceptive steroids 
(105,106,107), and near space-occupying lesions (100). After 
exposure to vinyl chloride, thorotrast, arsenicals, and oral 
contraceptives, sinusoidal dilatation may be accompanied by 
hepatocellular and = sinusoidal cell hypertrophy, hyperplasia, and 
dysplasia, increased reticulin fibers along sinusoids, and portal 
fibrosis (106,107,108). 
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Introduction 


The gallbladder is one of the most common surgical pathology 
specimens. It is most often resected because of stones or 
inflammatory disease and is only rarely resected because of 
neoplasia. Somewhat uncommonly, grossly and microscopically 
a€cenormala€*  gallbladders are removed incidentally during surgery 
for other reasons (e.g., liver transplantation). At most institutions, 
these specimens are rarely seen. The situation is quite different with 
the extrahepatic bile ducts and ampullae of Vater. These sites are 
infrequently sampled by biopsy only when neoplasia is suspected, 
especially cholangiocarcinoma or ampullary adenocarcinoma. The 
distal common bile duct and ampulla can be studied in the occasional 
pancreatoduodenectomy specimen but will often be abnormal due to 
the effects of an ampullary or periampullary neoplasm. The 
remaining extrahepatic bile duct is rarely resected. The complete 
biliary system and ampulla can be only studied with autopsy 


material; however, due in some part to the toxicity of bile, significant 
autolysis is usually present in these specimens. 


This chapter discusses the gross anatomy, physiology, histology, 
immunohistochemistry, and ultrastructure of the normal gallbladder, 
extrahepatic bile ducts, ampulla of Vater, and minor papilla. 
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Gallbladder 


Gross Anatomy 


The gallbladder is a piriform bladder that is attached to the 
extrahepatic biliary system via the cystic duct and rests in a shallow 
depression located on the inferior surface of the posterior right lobe 
of the liver. It measures up to 10 cm long and 3 to 4 cm wide in 
normal adults, and its wall is approximately 1 to 2 mm thick, varying 
due to the degree of muscular contraction. The serosal surface of the 
liver extends to cover the gallbladder, while interlobular connective 
tissue of the liver merges with the subserosal connective tissue of 
the gallbladder. The gallbladder is anatomically divided into a blindly 
ending fundus, a large central body, and a narrow neck that joins the 
cystic duct. The tapered area of the body that joins the neck is 
considered the infundibulum. It is here that a peritoneal fold, the 
cholecystoduodenal ligament, attaches the gallbladder to the first 
portion of the duodenum. Hartmann's pouch, a small bulge at the 
infundibulum, is probably not normal and may result from chronic 
inflammation or stone impaction (1). The neck is somewhat 
serpentine, measures 5 to 7 mm long, and narrows as it connects 
with the cystic duct (2). 


Physiology 


The gallbladder concentrates, stores, and releases bile. 
Approximately 800 to 1000 mL of bile flow daily into the gallbladder 


from the liver (3). Its filling results from complex neural and 
hormonal stimulations that result in its relaxation and the contraction 
and closing of the sphincter of Oddi. When the sphincter is closed, 
the intraluminal pressure of the bile ducts will increase as bile is 
continuously produced by the liver; bile will then flow into the 
gallbladder. When relaxed the gallbladder can store only 40 to 70 mL 
of bile and retains a constant intraluminal pressure (3). A much 
larger volume, however, is handled as the gallbladder concentrates 
bile via a sodium-coupled transport of chloride, mediated by sodium 
potassium-ATPase (NaK-ATPase) (4). The active transport of 
electrolyte into the lateral intercellular space creates an osmotic 
gradient, and water ultimately flows through the basement 
membrane into the capillaries of the lamina propria. The gallbladder 
also has a secretory role, liberating mucosubstances from the surface 
epithelial cells and neck mucous glands. 


Contraction of the gallbladder is also mediated by complex neural 
and humoral mechanisms and occurs both after and between meals 
(5). Cholecystokinin, released from the mucosa of the proximal 
duodenum after fatty meals, is the most important hormone that 
promotes gallbladder contraction (6). Motilin aids in interdigestive 
gallbladder contraction, which occurs in tandem with giant migratory 
complexes of the intestines every two hours or so (5,7). Other 
peptides including pancreatic polypeptide and somatostatin may 
affect gallbladder motility (5,7,8,9). The vagal system may also play 
a role both directly and indirectly in gallbladder contraction (10). The 
complicated balance of humoral and neural mechanisms involved in 
the working of the gallbladder is sometimes disrupted and many 
disease states have been implicated in the development of 
gallbladder dysmotility. Dysmotility may, in turn, result in gallbladder 
pathology (11). 


Blood Supply and Lymphatic Drainage 


The arterial supply of the gallbladder varies both in its anatomy and 


in its relationship to the extrahepatic biliary system. The cystic 
artery supplies the gallbladder and usually arises from the proximal 
portion of the right hepatic artery. Indeed, 72% of all cystic arteries 
in a study by Moosman and Collier (12) arose from the right hepatic 
artery, whereas 13% arose from the superior mesenteric artery; the 
remainder originated from the common hepatic artery, left hepatic 
artery, gastroduodenal artery, celiac artery, or aorta. Most 
commonly, the artery is located superior to the cystic duct (Figure 
29.1). In Moosman and Collier's study, 70% of all cystic arteries 
coursed to the right of the common hepatic duct, and 17% traveled 
anterior to the common hepatic duct; the remainder of the cystic 
arteries passed posterior to 
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the common hepatic duct, anterior or posterior to the common bile 
duct, to the right and inferior to the cystic duct, or posterior to both 
hepatic ducts. The cystic artery branches to form superficial channels 
that lie over the gallbladder serosa and deep channels that lie 
between the gallbladder and its hepatic bed (2). One of the more 
common anatomic variations noted is the double cystic artery. In 
their study of the extrahepatic biliary tree in 250 cadavers, Moosman 
and Collier noted a double cystic artery in 14% of their cases. 
Michels found double cystic arteries in one-quarter of 200 cadavers 
(13). 


GB 


Figure 29.1 Although variations are common, this diagram 
depicts the a€ceusuala€* relationships of the extrahepatic bile 
ducts, portal vein, and branches of the common hepatic artery. 
(PV, portal vein; GA, gastroduodenal artery; CHA, common 
hepatic artery; LHA, left hepatic artery; LHD, left hepatic duct; 
RHD, right hepatic duct; RHA, right hepatic artery; GB, 
gallbladder; CA, cystic artery; CD, cystic duct; CBD, common bile 
duct) 


A single large cystic vein does not exist (2). The venous drainage 
consists, in part, of small venous channels on the hepatic side of the 
gallbladder that lead directly into the liver. Other small veins flow 
toward the cystic duct and merge with channels from the common 
bile duct before terminating in the portal venous system. 


The lymphatic system of the gallbladder has been investigated by 


anatomic and physiologic studies and by studies of gallbladder 
malignancy (14,15). The lymphatics of the gallbladder drain first into 
lymph nodes at the gallbladder neck or cystic duct. Following this, 
drainage may proceed to retropancreatic, celiac, or mesenteric lymph 
nodes. These pathways appear to all converge at abdominal aortic 
lymph nodes located at the superior mesenteric artery (14). Ina 
study in which dye was injected directly into lymphatic vessels of the 
gallbladder, the dye flowed initially into the cystic node and 
pericholedochal nodes, then into lymph nodes posterior to the 
pancreas, portal vein, and common hepatic artery, and finally into 
interaortocaval nodes near the left renal vein (15). Ascending lymph 
flow to the hepatic hilum does not usually occur; however, 

retrograde flow to the hepatic hilum may occur when there is 
blockage of lymphatic channels by cancer, inflammation, or surgical 
ligation (15). 


Nerve Supply 


Nerve branches from the left trunk of the vagus join the hepatic 
plexus. The hepatic plexus then supplies the gallbladder with 
sympathetic, parasympathetic, and possibly afferent nerve fibers (2). 
Vagal stimulation, both directly and indirectly, may then stimulate 
interdigestive periodic contractions of gallbladder smooth muscle 
(10). Neuropeptide Y nerve fibers, which may also participate in 
gallbladder smooth muscle contraction, are found in all layers of the 
gallbladder. They form a particularly dense network in the lamina 
propria, running near the epithelium and paralleling the muscle 
bundles (16). 


Histology 


The layers of the gallbladder include the mucosa (surface epithelium 
and lamina propria), smooth muscle, perimuscular subserosal 
connective tissue, and serosa. A muscularis mucosae and submucosa 
are not present. The luminal folds are lined by a single layer of 


columnar epithelium and have cores of lamina propria. The height 
and width of the folds are variable, and branching is characteristic 
(Figure 29.2). The columnar epithelial cells have lightly eosinophilic 
cytoplasm with occasional small apical vacuoles (Figure 29.3). Nuclei 
are aligned at the cell base or slightly more centrally. They are oval 
and uniform and have fine chromatin and smooth membranes. 
Nucleoli are absent or very small and inconspicuous. Occasional 
columnar cells are 
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narrow with dark eosinophilic cytoplasm (1). These cells, dignified 
with the appellation a€cepencil-likea€* cells, appear to be little more 
than contracted columnar cells, although they reportedly have a few 
ultrastructural and enzymatic properties that differ from those of the 
usual columnar cells. Basal cells are inconspicuous and have nuclei 
that lie just above and parallel to the basement membrane. 


Figure 29.2 The luminal folds of the gallbladder vary in height 
and contain a delicate core of lamina propria above the bundles 
of smooth muscle. 


Figure 29.3 The gallbladder is lined by a single layer of tall 
columnar cells with basally oriented nuclei. 


Figure 29.4 Mucous glands are present only in the neck of the 
normal gallbladder. 


Tubuloalveolar mucous glands are located only in the neck of the 
gallbladder (17). They have cuboid or low columnar cells with 
abundant clear to lightly basophilic cytoplasm and round, basally 
oriented nuclei (Figure 29.4). Their lectin-binding profile is dissimilar 
to that of the surface epithelial cells (18). The neck mucous glands 
also differ morphologically and histochemically from the antral-type 
metaplastic glands found in the fundus, body, or neck of chronically 
inflamed gallbladders or those that contain gallstones (17). Rare 
endocrine cells can be found here but are otherwise absent in the 
normal gallbladder (19,20). Gastric metaplasia (foveolar-type 
epithelium or antral-type glands) and da€ceintestinala€* metaplasia 
(absorptive cells with prominent brush borders, endocrine cells, 
goblet cells, and Paneth's cells) are not observed in the normal 
gallbladder but commonly occur in chronic cholecystitis and 
cholelithiasis (1,17,21,22,23,24,25). Squamous metaplasia, rarely 


found in diseased gallbladders, is also absent in normal gallbladders 
(1). Melanocytes are not found in the normal epithelial lining. 
However, a few small lymphocytes often are seen between the 
surface columnar cells. 


Gallbladder epithelial cells contain chiefly sulfated acid mucin with 
very small quantities of nonsulfated acid mucin (17). In contrast, 
metaplastic cells (goblet cells, superficial gastric-type cells, antral- 
type glands) contain nonsulfated acid mucin and neutral mucin but 
little sulfated acid mucin. By immunohistochemistry, the epithelial 
cells express MUCS5AC and MUC6, akin to gastric epithelium; 
however, pepsinogens | and II, present in pyloric gland metaplasia, 
are not seen in normal gallbladder epithelium (24,26). Lysozyme is 
also absent in the normal columnar cells but may be found in 
metaplastic glands (27). Alpha-1-antitrypsin and {+1- 
antichymotrypsin are present in both normal and metaplastic 
epithelia (27). 


Immunohistochemical staining for carcinoembryonic antigen (CEA) 
(polyclonal; unabsorbed) of normal gallbladders shows focal weak 
staining along the apices of some lining cells (28). In contrast to the 
results using monoclonal antibodies to CEA, inflamed epithelium 
usually shows immunostaining with polyclonal antisera (29). 
Absorption of at least one polyclonal antibody with human liver 
powder abolishes the immunoreactivity because there is removal of 
the CEA-related glycoproteins nonspecific cross-reacting antigen 
(NCA) and biliary glycoprotein (BGP) (29). The surface epithelium 
and neck mucous glands are strongly immunoreactive for epithelial 
membrane antigen and low-molecular weight keratin (CAM 5.2 
antibody). The CAM 5.2 antibody also stains some smooth muscle 
fibers in the gallbladder wall. Normal gallbladder epithelium also 
reacts with antibody directed against cytokeratin (CK)7 and does not 
react with antibody directed against CK20 (Figure 29.5) (30). 
Because endocrine cells are not found in the normal epithelium of the 
fundus or body, immunohistochemical staining for neuron-specific 
enolase and chromogranin A is absent (19). A few argentaffin 


(enterochromaffin) cells are present in the mucous glands of the 
neck; these cells are readily detected by an antibody to 

chromogranin A (19). Normal gallbladder mucosa lacks 
immunoreactivity for estrogen receptor, whereas in 6 of 31 cases of 
cholelithiasis, a few immunoreactive cells were observed chiefly in 
metaplastic mucous glands (pseudopyloric glands) (31). Adhesion 
molecules expressed by normal gallbladder epithelial cells include i+- 
catenin, {[2-catenin, {[3-catenin, CD44, CD99, and E-cadherin (32). 


The lamina propria contains loose connective tissue, elastic fibers, 
nerve fibers, small blood vessels, and lymphatic 
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channels. Mast cells and macrophages may be seen in small 
numbers, and it has been noted that these cells are more numerous 
in normal or minimally inflamed gallbladders than in those with overt 
chronic cholecystitis (Figure 29.6) (33). Polymorphonuclear 
leukocytes normally are not present in the lamina propria, but small 
numbers of lymphocytes and plasma cells are usual. Plasma cells that 
contain immunoglobulin (lg)A occur chiefly in the lamina propria, 
whereas IgM-containing cells are more frequent in the smooth 
muscle layer (34). A few IgG-containing plasma cells also may be 
present. 


Figure 29.5 The epithelial lining of the gallbladder reacts 
strongly with antibodies directed against cytokeratin 7 
(immunoperoxidase technique). 


~ 


—— 
a a= \ =e 


Figure 29.6 Occasional mast cells are identified within the 
gallbladder by kit-immunostaining. No interstitial cells of Cajal 
were identified (immunoperoxidase technique). 


The smooth muscle consists of loosely arranged bundles of circular, 
longitudinal, and oblique fibers that do not form well-developed 
layers like they do in the luminal gut. Fibrovascular connective tissue 
focally separates the muscle bundles. The muscle fibers sometimes 
extend high into the lamina propria to just beneath the epithelial 
basement membrane. The thickness of the muscle layer is quite 
variable, which may simply reflect variable contractile states of the 
specimen. Ganglion cells are found in the lamina propria, between 


smooth muscle bundles, and in the subserosal connective tissue 
(Figure 29.7). We have been unable to identify interstitial cells of 
Cajal, although they have been rarely noted by other authors, and 
rare gastrointestinal stromal tumors of the gallbladder have been 
reported (1,35). 


Figure 29.7 Ganglion cells are readily seen in the connective 
tissue layers of the gallbladder. 


Figure 29.8 Paraganglia are located in the subserosal connective 
tissue of the normal gallbladder. 


The subserosal tissue contains loose collagen fibers, fibroblasts, 
elastic fibers, adipocytes, blood vessels, nerves, and lymphatics. 
Small aggregates of lymphocytes may occur around vessels. 
Uncommonly, a lymph node is found in the subserosal connective 
tissue (36). Paraganglia, infrequently seen in routine sections, are 
found adjacent to blood vessels and small nerves (Figure 29.8). 
Examining serial blocks and subserial sections of gallbladders, the 
investigators of one study found one to five paraganglia in the 
subserosal tissue of nine of ten cholecystectomy specimens (37). 


Rokitansky-Aschoff sinuses represent herniations of epithelium into 
the lamina propria, smooth muscle, or subserosal connective tissue 
(Figure 29.9). Although these 
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are commonly considered a feature of chronic cholecystitis, they are 
often present in histologically normal gallbladders, albeit more 
superficially. In a series of 125 cholecystectomy specimens that were 
inflamed or contained gallstones, 86% had Rokitansky-Aschoff 
sinuses, almost 90% of which penetrated into or through the smooth 
muscle (38). The sinuses were also observed in 42% of 112 normal 
gallbladders examined at autopsy (39). When present in normal 
gallbladders, they were generally confined to the lamina propria, with 
infrequent penetration of the smooth muscle. The sinuses are not 
found in gallbladders from fetuses, but a few superficial outpouchings 
may be observed in organs from infants (40). The diameters of the 
sinuses are variable, and flask-shaped formations are usual. 
Although the exact mechanism for their formation is unknown, 
herniation of the epithelium may result from overdistension (with 
increased intraluminal pressure) and extreme contractions of the 
gallbladder, with subsequent weakening of its wall (40). 


Figure 29.9 Rokitansky-Aschoff sinuses occur in the normal 
gallbladder but uncommonly penetrate through the smooth 
muscle bundles. 


Figure 29.10 Luschka's ducts consist of groups of small ducts 
having lumina of various caliber. They are surrounded by 
condensed connective tissue. 


Luschka's ducts are small, usually microscopic, bile ducts that lie 


the subserosal connective tissue, most commonly on the hepatic side 
of the gallbladder (Figure 29.10). Occasionally, a few ducts are 
present in the subserosal connective tissue on the peritoneal side. 
The ducts have been found in 10 to 12% of routine sections from 
cholecystectomy specimens, occurring in both normal and diseased 
organs (39,40). They have been observed in gallbladders from 
infants, adolescents, and adults and may represent embryonic 
remnants. Reports of their drainage site are varied. Most have 
argued that they communicate with intrahepatic bile ducts; however, 
some have argued that those beneath the serosa possibly drain into 
the peritoneal cavity, and others, rarely, have suggested that they 
may drain into the gallbladder lumen, especially within its neck 
(38,40,41). 


The ducts are solitary or multiple but are usually present in small 
groups surrounded by a distinctive ring of connective tissue and may 
be adjacent to blood vessels. In serial sections, they sometimes are 
seen as a system of anastomosing channels. The diameters of their 
lumina vary from several microns up to a few millimeters. The ducts 
are lined by cells similar to those of the intrahepatic bile ducts. In 
some instances, small foci of hepatic parenchyma are located 
adjacent to the ducts (40). Luschka's ducts are distinct from 
Rokitansky-Aschoff sinuses, and the two should not communicate. It 
should be noted that the term Luschka's duct has been used 
somewhat indiscriminately and has been used to refer to entities 
ranging from Rokitansky-Aschoff sinuses to true accessory ducts. 


At surgery and by cholangiography, larger accessory ducts (up to 
several millimeters long) sometimes are seen in the gallbladder bed. 
They may be mistaken grossly for small veins or thin strands of 
fibrous tissue (42). If these ducts are not ligated during surgery, a 
bile leak may develop, which typically ceases spontaneously. In one 
study, 9% of 204 patients with randomly selected cholecystectomies 
had bile leaks from the drain tube; some of these were considered to 
be due to a divided subvesical duct (43). Although these ducts lie in 
the gallbladder wall, they usually do not drain into the lumen of the 


fundus but communicate with the cystic or hepatic ducts (44,45). In 
a study of 20 autopsy dissections from patients without biliary 
disease, six subvesical ducts were found, five of which were placed 
centrally in the gallbladder bed and one in the lateral peritoneal 
reflection (43). Five led to the right hepatic duct, and one entered 
the common hepatic duct. 


Ectopic hepatic, pancreatic, adrenal, gastric, and thyroid tissues have 
been reported in the gallbladder (46,47,48,49). Ectopic hepatic and 
adrenal tissues are typically incidental findings, whereas ectopic 
pancreatic or gastric tissues may lead to symptoms related to their 
secretions (46). 
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Ultrastructure 


The surface columnar cells measure 15 to 25 Aum in height and 2.5 
to 7.0 Aum in width and rest on a basement membrane (50). These 
cells have numerous apical microvilli with filamentous glycocalyx and 
core rootlets (Figure 29.11). The microvilli are shorter and more 
variable in size and density than those of the intestinal epithelium. 
Pinocytotic vesicles are formed from the intervillous portions of the 
cell membrane. The lateral cell membranes are straight at the apex 
and connected by junctional complexes. Below this boundary, the cell 
membranes have complex interdigitations that surround lateral 
intercellular spaces (Figure 29.11). The diameter of the intercellular 
Space varies, depending on the state of fluid transport (51). It is 
collapsed when there is no water transport but is distended during 
influx of electrolytes and water. The nuclei are oval, have prominent 
euchromatin, and occasional small nucleoli. The cytoplasm contains 
rough endoplasmic reticulum, mitochondria, glycogen, filaments, 
Golgi apparatus, mucous granules, vesicles, and lysosomes. 


Pencil cells have slender outlines, narrow nuclei, and dense 
cytoplasm that is packed with organelles. At the base of the pencil 
cell, cytoplasmic extensions project into the basement membrane, 


unlike that for the typical columnar cell (52). However, microvilli and 
lateral membrane interdigitations are similar for the pencil cell. 


The basal cell measures 10 to 15 Aum in diameter, has an irregular 
nucleus, and has cytoplasmic organelles that include rough and 
smooth endoplasmic reticulum, mitochondria, vacuoles, and ring- 
Shaped osmiophilic inclusions (50,52). They have a cytoplasmic 
extension that runs parallel to the basement membrane, changes 
direction to run perpendicularly, and then branches toward the lumen 
(50). The branches are variable in length, delicate, and complex. 
Throughout the lining epithelium, there are intraepithelial nerve 
endings that originate from the nerve submucosal plexus and are 
associated with the small basal cells (50). 


Figure 29.11 Ultrastructurally, the apical portion of the 


columnar cells of the gallbladder contains abundant microvilli 
with core rootlets, mitochondria, Golgi apparatus, mucous 
granules, lysosomes, and a few strands of rough endoplasmic 
reticulum. The lateral cell membranes form complex 
interdigitations (arrows). 


Capillaries are found just below the epithelial basement membrane, 
and their lumina change in size according to the state of fluid 
transport. The epithelial cells of the glands in the gallbladder neck 
have a few short microvilli, relatively even lateral membranes, rare 
secretory granules, and round nuclei (53). 


Cystic Duct 


The cystic duct is located at the right free edge of the lesser 
omentum and usually joins the right lateral portion of the common 
hepatic duct approximately 2 cm distal to the union of the right and 
left hepatic ducts. In one study, the mean length of the cystic duct 
was 30 mm and ranged in size from 4 to 65 mm (12). The mean 
collapsed diameter was 4 mm. Connection and drainage into the 
common hepatic duct varies. Anatomic studies have found that most 
cystic ducts drain laterally at an acute angle into the common bile 
duct (12). In some cases, it may form an angular junction with either 
the anterior or posterior aspect of the common hepatic duct. A short 
cystic duct parallel to the common hepatic duct may be present, and 
a long cystic duct has been rarely noted. Rarely, the cystic duct may 
Spiral and join the common hepatic duct anteriorly or posteriorly. In 
a cholangiographic study involving large numbers of patients, 
however, the cystic duct drained laterally at an acute angle into the 
common bile duct in only 17% of the cases, whereas in 35% it 
drained in a spiral form, in 41% posteriorly, and in 7% it first ran 
parallel to the common hepatic duct (54). In rare instances, the 
cystic duct may join the right and left hepatic ducts, forming a 
trifurcation. The cystic duct usually passes inferiorly to the cystic 


artery and to the right of the right hepatic artery. 


The lining of the cystic duct is pleated, and in some areas there are 
short folds of varying width and height. The surface cells are 
identical microscopically and immunohistochemically to those of the 
gallbladder (55). Groups of mucous glands are embedded in the 
dense, collagenous lamina propria. Lectin-binding patterns of the 
lining cells are similar to those for the surface epithelial cells of the 
gallbladder body and neck, and the lectin-binding profiles for the 
mucous glands of the cystic duct are indistinguishable from those of 
the glands at the gallbladder neck (18). Enterochromaffin 
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cells containing serotonin have been described in cystic ducts from 
patients with pancreaticobiliary disease (56). In this same group of 
patients, a few intramural gland cells have shown immunoreactivity 
for somatostatin. 


Figure 29.12 The stroma of the spiral valve of Heister contains 
thin strands of smooth muscle fibers. 


The connective tissue of the large, oblique folds, grossly visible in 
the cystic duct at the junction with the gallbladder neck, contains 


thin groups of smooth muscle fibers (spiral valve of Heister) (Figure 
29.12). The smooth muscle is believed to prevent both 
overdistention and collapse of the cystic duct when it is subjected to 
changes in pressure (2). Abundant collagen and some elastic fibers, 
nerve fibers, and ganglion cells are intermixed with the smooth 
muscle. Nerve fibers showing immunoreactivity for vasoactive 
intestinal peptide (VIP) and other peptides have been described in 
the wall (9,56). The loose subserosal connective tissue contains 
adipose tissue, nerves with occasional ganglion cells, large blood 
vessels, and lymphatic channels. Lymphocytes and plasma cells are 
Sparse or absent. 


Right and Left Hepatic Ducts, Common 
Hepatic Duct, and Common Bile Duct 


Gross Anatomy 


The right and left hepatic ducts, common hepatic duct, and common 
bile duct are embedded between the serous layers of the 
hepatoduodenal ligament (the right free border of the lesser 
omentum). The hepatic ducts emerge from the liver and, in most 
instances, unite in the hilum approximately 1 cm from the liver to 
form the common hepatic duct. In 10 to 30% of cases, two large 
segmental ducts drain the right hepatic lobe and join separately with 
the left hepatic duct, common hepatic duct, or cystic duct; it is 
incorrect to label one of these ducts the right hepatic duct and the 
other as a€ceaccessorya€* (57). In a dissection of 100 autopsy 
specimens, the mean length of the right hepatic duct was 0.8 cm 
(range: 0.2a€“2.5 cm) and that of the left hepatic duct 1.0 cm 
(range: 0.2a€“3.5 cm) (58). The usual diameter of each hepatic duct 
was 3 to 4 mm, and the length of the common hepatic duct ranged 
from 0.8 to 5.2 cm (mean: 2.0 cm) (58). Its diameter ranged from 
0.4 to 2.5 cm (59). The diameter of the common hepatic duct and its 
number of elastic fibers increase with age (59). The common bile 


duct, resulting from the union of the cystic duct and common hepatic 
duct, can be divided into supraduodenal, retroduodenal, pancreatic, 
and intraduodenal segments. It is usually about 1 mm thick and 5 cm 
long, but its length is quite variable (range: 1.5a€“9.0 cm) (58). The 
diameter at its midpoint ranges from 0.4 to 1.3 cm (mean: 0.66 cm), 
and its lumen narrows approximately 50% after entering the 
duodenal window (58,60). In an autopsy study of 100 selected 
subjects who ranged in age from 15 to 102 years, lacked a history of 
biliary tract disease, and had completely intact biliary tracts, the 
outer diameters of the upper portions of the common bile ducts 
ranged from 0.4 to 1.2 cm (mean: 0.74 cm) (61). The outer 
diameters increased with age but were not related to body weight or 
length (61). The pits in the surface epithelium (sacculi of Beale) are 
conspicuous in the extraduodenal portion of the common bile duct 
and the hepatic ducts. At approximately 2 mm from the duodenal 
wall, the wall of the common bile duct thickens (due to an increase in 
muscle), resulting in the abrupt narrowing of the duct's lumen. 


Arterial Supply, Venous Drainage, and 
Relationship to Bile Ducts 


The common hepatic artery arises from the celiac trunk and divides 
into right and left hepatic branches (Figure 29.1). Variations in the 
origins of the right and left hepatic arteries and their relationships to 
the extrahepatic bile ducts are typical (62). In one study, almost 
42% of 200 cadavers had da€oeaberranta€* hepatic arteries (13). 
Most often, the right hepatic artery is dorsal to the common hepatic 
duct and right hepatic duct. The common hepatic and left hepatic 
arteries lie to the left of the extrahepatic bile ducts and ventral to 
the portal vein. The gastroduodenal artery lies to the left of the 
common bile duct, and a branch, the superior pancreaticoduodenal, 
traverses the duct either dorsally or ventrally (2). 


The extrahepatic bile ducts are supplied by numerous arteries. The 
major arteries that supply branches to the common hepatic duct and 


the common bile duct include the retroduodenal, right and left 
hepatic, posterior superior and anterior superior 
pancreaticoduodenal, common hepatic, cystic, gastroduodenal, and 
retroportal arteries (63). The most important branches travel along 
the lateral borders of the common bile duct (64). 


The portal vein, formed by the union of the splenic and superior 
mesenteric veins, lies dorsal to the bile ducts (Figure 29.1). 
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The mean length is 6.4 cm (range: 4.8â€“8.8 cm) and its mean 
diameter is 0.9 cm (range: 0.64â€“1.21 cm) (65). Venous channels 
that drain the superior portion of the common bile duct enter the 
liver directly, and those from the inferior portion lead to the portal 
vein. 


Lymphatic Drainage 

Lymphatic channels from the common bile duct drain into lymph 
nodes located along the hepatoduodenal ligament or within the 
posterior pancreaticoduodenal area. Drainage then proceeds to lymph 
nodes at the superior mesenteric artery, aorta, and common hepatic 
duct (66,67). 


Nerve Supply 


The nerve supply to the cystic and hepatic ducts derives from the 
anterior portion of the hepatic plexus, whereas nerves that supply 
the common bile duct arise from the posterior segment of the hepatic 
plexus. The nerve of the common bile duct, lying dorsally, is the 
right portion of the posterior hepatic plexus. Smaller branches from 
the posterior hepatic plexus travel inferiorly along the common bile 
duct and accompany the duct to the major duodenal papilla (2). 
Neuropeptide Yâ€“containing nerve fibers have the same pattern of 
distribution in the common bile duct as in the gallbladder (16). 


Histology 


The extrahepatic bile ducts, serving as conduits for the flow of bile, 
are lined by a single layer of tall columnar cells surrounded by a 
dense connective tissue layer (Figure 29.13). The surface of the 
epithelium is relatively flat or pleated. The columnar cells have 
basally oriented nuclei that are oval and uniform. Nucleoli are absent 
or very small. Goblet cells are absent in normal epithelium. The 
epithelium dips into the stroma to form shallow depressions or 
deeper pitsa€”the sacculi of Beale. In some sections, the deeper 
Sacculi appear isolated from the surface epithelium, but deeper 
sections will often show their connections. Surrounding the sacculli 
are unevenly distributed lobules of glands that empty into the sacculi 
(Figure 29.14). These glands have been termed diverticula, crypts, 
parietal sacculi, deep glands, biliary glands, periductal glands, and 
extrahepatic peribiliary glands (68). When located in the more 
peripheral connective tissue, the glands are encircled by condensed 
stroma. The peribiliary tubular glands are branched or, occasionally, 
simple (68). Although they are found in all parts of the extrahepatic 
bile duct system, they are less frequent in the central portion of the 
common bile duct and in the intrapancreatic portion than around the 
bile duct at the ampulla. They are lined by low-columnar or cuboid 
cells, many of which are filled with mucin (Figure 29.14). With 
inflammation and fibrosis, the sacculi and glands may be distorted, 
mimicking well- differentiated 
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adenocarcinoma with desmoplastic stroma. In small biopsy specimens 
and especially frozen sections, the distinction between 
adenocarcinoma and distorted benign glands may be impossible. The 
lack of a lobular arrangement and the presence of marked nuclear 
atypia and perineural invasion are diagnostic of adenocarcinoma 
(69). Hence, a haphazard growth pattern and cells whose nuclei vary 
in size and have irregular nuclear membranes are characteristic of 
adenocarcinoma. Benign glands of the extrahepatic bile ducts have 
not been reported to invade nerves. 


Figure 29.13 Intrapancreatic segment of common bile duct. The 
extrahepatic bile ducts are lined by a single layer of tall columnar 
cells overlying dense, collagenous connective tissue. In segments 
of the common bile duct away from the duodenum, a few small 
groups of smooth muscle fibers are sometimes found in the outer 
half of the wall. 


Figure 29.14 Glands embedded in the subepithelial collagenous 
stroma of the extrahepatic bile ducts typically contain cells with 
mucin-filled cytoplasm. (Inset: Alcian bluea€“periodic acid-Schiff 
(PAS) stain from the same field). 


The surface epithelial cells contain smaller quantities of mucin than 
the cells that line the gallbladder (70). The former also contain 
sulfated acid mucin, whereas metaplastic and dysplastic cells 
primarily contain nonsulfated acid mucin and smaller quantities of 
sulfated and neutral mucins. The normal lining epithelium stains 
similarly to that of the gallbladder for epithelial membrane antigen 
and low-molecular weight keratin (CAM 5.2 antibody). Cytokeratin 7 


is consistently expressed in normal epithelium, while CK20 
expression depends on the condition of the epithelial cells. In normal 
cells, expression of CK20 is usually absent; however, it may be 
expressed when metaplasia, hyperplasia, or carcinoma are present 
(30,71). Carcinoembryonic antigen immunoreactivity may be absent 
(using absorbed polyclonal antibody) or appear as focal weak 
staining along the apices of some cells (using unabsorbed polyclonal 
antibody) (72). Cytoplasmic staining using either polyclonal or 
monoclonal anti-CEA antibodies is typically absent (73). 
Immunoreactivity for lysozyme has been found in the cytoplasm of 
the cells in the glands, whereas staining of the surface epithelial cells 
is absent or very weak (72). In addition, cells of the peribiliary 
glands are usually immunoreactive for pancreatic and salivary Î=- 
amylase, trypsin, and lipase (68). The surface epithelium of the 
common bile duct also shows immunoreactivity for these enzymes. 


Gastric metaplasia and intestinal metaplasia are sometimes found in 
inflamed and fibrotic extrahepatic bile ducts that may also harbor 
carcinoma (23,70,74). Scattered endocrine cells, including cells 
immunoreactive for chromogranin and somatostatin, can be observed 
between mucin-containing cells in normal as well as diseased biliary 
epithelium (56,74,75,76). 


The stroma directly beneath the surface epithelium is dense and 
contains abundant collagen and elastic fibers and some small vessels 
(Figure 29.13). Lymphocytes are sparse. Pancreatic acini and ducts 
may be seen in the wall of the intrapancreatic portion of the common 
bile duct (77). Small pancreatic ducts sometimes empty into this 
segment of the duct. The peripheral stroma of the common bile duct 
is less dense than the inner connective tissue and contains large 
blood vessels, lymphatics, nerves and ganglion cells, elastic fibers, 
and smooth muscle fibers. This stroma merges with the connective 
tissue of the hepatoduodenal ligament. The distribution of smooth 
muscle fibers varies throughout the bile duct. Scattered muscle fibers 
or no muscle fibers are present of the upper one-third of the bile 
duct, whereas a continuous or interrupted pattern of thick smooth 


muscle bundles is present throughout the lower one-third of the bile 
duct (Figure 29.15) (78). The muscle fibers are more frequently 
longitudinal and are intermixed with collagen and elastic fibers. 
Nerve fibers showing immunoreactivity for VIP are present beneath 
the epithelium and in muscle fibers (76). 


Figure 29.15 Occasional strands of smooth muscle are 
demonstrated in the upper portion of the common bile duct 
reacting with antibodies directed against desmin 
(immunoperoxidase technique). 


Vaterian System and Minor Papilla 


Gross Anatomy 


The Vaterian system is composed of the segments of the common 
bile duct and major pancreatic duct (occurring either separately or as 
a common channel) at the duodenum, major papilla, and the 
sphincteric musculature. It also includes the extraduodenal portion of 
the common bile duct and major pancreatic duct that join to form a 
common channel outside the duodenal wall (58). It is a complex 
structural unit composed of a highly developed mucosa, musculature, 
and nerve supply that regulates the flow of bile and pancreatic 
secretions. Its sphincteric function (sphincter of Oddi) is a part of the 
overall gastrointestinal motility system and is subject to regulation 
by myogenic, neural, and gastrointestinal hormonal elements (9,79). 


The major pancreatic duct of Wirsung drains many small channels in 
its course from the tail of the pancreas to the duodenal ostium. It 
typically inserts into the duodenal window caudal or a little lateral to 
the common bile duct. Its lumen narrows at the duodenal wall. The 
minor duct of Santorini, usually present, joins the major pancreatic 
duct at 
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a variety of angles and locations within the pancreas. Uncommonly, 
the duct of Wirsung is smaller than the duct of Santorini, and the 
latter may be the chief conduit for drainage of the pancreas (80). 
The duct of Santorini leads into the minor papilla but also may end 
blindly in 10 to 20% of cases (80,81). The luminal pressure of the 
major pancreatic duct is nearly always higher than that for the 
common bile duct except when the gallbladder empties (82). 


The relationship of the common bile duct and duct of Wirsung at the 
papilla is complex and variable. The ducts may have separate 
openings into the duodenum, an interposed septum, or a common 
channel (sometimes forming an ampulla) (Figure 29.16). The 


ampulla, defined strictly, is a dilated, juglike conduit resulting from 
the union of the common bile duct and major pancreatic duct. In 
various studies of the pancreaticoduodenal junction, the frequency 
for separate openings into the duodenal lumen ranged from 12 to 
54% and for a common channel from 46 to 88% 
(57,80,81,83,84,85,86,87). In most studies, more than two-thirds of 
the patients had a common channel. In a detailed gross and 
radiographic study, DiMagno et al. (83) examined 390 
pancreaticoduodenal specimens at autopsy and found that 74% of 
the patients had a common channel, 19% had separate openings for 
the pancreatic duct and common bile duct, and 7% had an interposed 
septum. Twenty-five percent of their specimens had a well-defined 
ampulla, 18% had a long common channel (defined as a channel 
greater than 3 mm long in the absence of an ampulla), and 31% had 
a short common channel (defined as a channel less than 3 mm in 
length) (83). For those specimens with an interposed septum, the 
two ducts emptied together at the ostium of the papilla. For the 
ducts that opened separately into the duodenal lumen, their ostia 
were located from 1 mm to several centimeters apart. On occasion, 
the ducts will unite before the duodenal wall is breached, forming an 
extended common channel. In one study, the length of the extended 
common channel ranged from 0.9 to 3.3 cm (mean: 2.2 cm) (88). 
This lengthy common channel occurred in 13.8% of patients with 
carcinoma of the biliary tract (18 of 130 cases) and in those with 
congenital biliary dilatation (four of four cases) but was absent in a 
control group of 30 cases (88). This confluence of the pancreatic and 
bile ducts outside of the duodenal wall has been increasingly 
described in association with congenital dilatation of the bile duct, 
choledochal cyst, and cholangiocarcinoma (89,90). 
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Figure 29.16 Relationship of the common bile duct and duct of 

Wirsung at the major papilla. (A, ampulla; B, interposed septum; 
C, separate openings; D, short common channel; E, long common 
channel; F, extended common channel) 


The major papilla, a cylindrical protuberance housing the 
terminations of the common bile duct and major pancreatic duct or a 
common channel, is situated medially at the midportion of the second 
part of the duodenum. It is usually completely or partially covered by 
a triangular fold of duodenal mucosa; a longitudinal mucosal fold 
projects from the caudal portion of its base, forming a frenulum, 
which was absent in about one-quarter of the cases in one study 
(91). In one series, the papilla had a mean length of 11.7 mm and a 
mean width of 5.2 mm (85). Rarely, the major papilla is located at or 
just below the level of the duodenal mucosa or is absent. Mucosal 
reduplications (valves of Santorini) at the ostium of the major papilla 
consist of columnar-shaped protrusions and traverse leaflike flaps of 
ductal mucosa (92,93). In one study, the columnar-shaped 
projections that arose from the terminal common bile duct numbered 
one to four per specimen and ranged from 1 to 5 mm in length (93). 
They were found in approximately one-third of adults but were not 
observed in fetuses. Leaflike flaps were present in the caudal wall of 


the common channel in over 90% of fetuses and adults and were 
separated by small cul-de-sacs of varying size and depth. The flaps 
sometimes extended into the major pancreatic duct. In cases in 
which a common channel was absent, the leaflike flaps were found 
only at the orifice of the duct of Wirsung. It was postulated by the 
authors that the flaps may flatten during the flow of pancreatic juice 
into the duodenum; when the cul-de-sacs are filled, the ostium is 
blocked and regurgitation is prevented (93). 


The sphincter of Oddi consists of the intrinsic circular and 
longitudinal musculature of the Vaterian system. It is embryologically 
and functionally distinct from the musculature of the duodenal wall. 
However, the muscle fibers from the duodenal wall aid in anchoring 
the Vaterian system in place in the duodenal window. In a study of 
the structure of the dense connective tissue around the major 
duodenal 

P.716 
papilla, the papilla and duodenal wall were noted to form both a 
morphologic and a functional unit (94). Connective tissue fibers 
spread from the papilla orifice to the circular duodenal musculature 
and cross at different angles from the orifice to the distal common 
bile duct. The arrangement and amount of muscle bundles that form 
the sphincter are highly complex and variable. Important fibers are 
those around the intrapancreatic (near the duodenal wall) and 
intraduodenal portions of the common bile duct (sphincter 
choledochus) (95). In one study, accumulation of circular muscle 
fibers extended up the common bile duct to a mean distance of 13.6 
mm from the pore of the papilla (91). Smooth muscle fibers are also 
present in the wall of the common channel, around the duct of 
Wirsung, and near the ostium of the papilla. It is controversial 
whether the smooth muscle bundles around the pancreatic duct 
above the common channel have important sphincteric function, but 
the finding of a sustained pancreatic duct high-pressure zone with 
phasic contractions after sphincterotomy may be evidence that the 
sphincter of Oddi extends above the common channel to include 


portions of the pancreatic duct (95,96,97). Muscle fibers have been 

found to extend up the pancreatic duct a mean of 7.3 mm from the 

papillary pore (91). The tunica muscularis of the duodenum may not 
have a primary role in managing the flow of bile and pancreatic juice 
at the choledochoduodenal junction. 


The sphincter of Oddi serves to inhibit the flow of bile into the 
duodenum, pumps bile into the duodenum when necessary, and likely 
precludes the entry of duodenal contents into the common bile duct 
or major pancreatic duct (79). Manometric studies have shown that 
the control of the flow of bile during fasting results from the phasic 
contractions of the sphincter of Oddi (98). These contractions result 
in the liberation of small volumes of bile. The flow of pancreatic juice 
is also regulated. The contractions are in addition to the steady basal 
pressure of the sphincter of Oddi, which is several mm Hg higher 
than that for the common bile and pancreatic ducts (99). The high- 
pressure zone measures 4 to 6 mm long, and the phasic contractions 
may be antegrade, retrograde, or simultaneous (97). Cholecystokinin 
has been found to inhibit the phasic contractions of the sphincter and 
decrease the basal pressure, allowing the flow of large quantities of 
bile into the duodenum (98). Manometric and contractility studies of 
the effects of various hormones on the sphincter of Oddi in humans 
and animals have been summarized (79,97). Glucagon-like 
cholecystokinin decreases sphincteric pressure, whereas gastrin and 
secretin elevate basal pressure (97). The phasic contractions and 
basal tone of the sphincter can be increased or decreased by 
exogenous drugs. For instance, most narcotics increase sphincteric 
pressure, whereas atropine decreases it (97). 


The minor papilla is nearly always present but may be difficult to 
locate grossly (81). Its size is variable. It is usually situated 2 cm 
proximal to the major papilla (81,100). 


Vascular and Nerve Supply and 
Lymphatic Drainage 


The intraduodenal portion of the common bile duct is supplied by 
vessels from the anterior and posterior superior pancreaticoduodenal 
arteries (2). Venous drainage occurs via small veins that lead to the 
portal vein. The fine venous architecture of the major papilla has 
been described in detail (101). Lymphatic drainage is variable, but 
generally lymphatics from the pancreaticoduodenal junction drain 
into the anterior and posterior pancreaticoduodenal lymph nodes and 
then to the nodes at the inferior pancreaticoduodenal artery (102). 
The Vaterian system is innervated extrinsically by parasympathetic 
nerve fibers in the vagal nerve and by sympathetic nerve fibers in 
the splanchnic nerves (9,79). Although little is known regarding the 
role of these nerve fibers in regulating the motility of the sphincter 
of Oddi, some evidence indicates that its motility is inhibited by vagal 
activation (79,103). Three separate ganglia cell groups provide 
intrinsic innervation. These are found at the base of the papilla in the 
duodenal wall, within the musculature of the papilla, and within the 
submucosa (79). This intrinsic innervation appears to provide tonic 
inhibition and is similar to that for other gastrointestinal sphincters, 
including the lower esophageal, pyloric, and internal anal sphincters. 


Histology 


The epithelial lining of the duct of Wirsung is identical to that of the 
common bile duct. The cytoplasm of the columnar cells also contains 
sulfated acid mucin (104). The epithelium may undergo hyperplastic, 
metaplastic, or dysplastic changes. Surrounding the normal 
epithelium is a dense fibrous layer with abundant collagen and elastic 
fibers. A few ganglion cells may be seen in the outer half of the 
fibrous wall. Small pancreatic ducts draining acini traverse the dense 
fibrous layer. At the orifice of the papilla, the epithelium of Wirsung's 
duct is thrown into folds (mucosal reduplications) that have cores of 
fibrovascular stroma. Goblet cells are found interspersed between the 
columnar lining cells within the papilla. Numerous small accessory 
pancreatic ducts drain into the ductal lumen near the ostium, and 


pancreatic acini are sometimes present just beneath the lining of the 
duct (Figure 29.17). A few lymphocytes may be seen within the 
ductal epithelium, and lymphocytes, plasma cells, and mast cells 
sparsely populate the fibrovascular cores. Circular smooth muscle 
bundles are present around the duct as it penetrates the duodenal 
wall (100). 


The epithelium of the terminal portion of the common bile duct and 
common channel (if present) covers long, slender papillary fronds, or 
valvules, that in some respects resemble the fimbriae of the fallopian 
tube (Figure 29.18). They correspond to the mucosal reduplications 
seen 
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grossly. These papillary formations are considerably larger than the 
duodenal villi, which are few or absent at the surface of the papilla. 
The valvules may branch and sometimes project beyond the ostium 
of the papilla, with shorter fronds at the periphery and longer ones 
centrally (60,105,106). The columnar lining cells have eosinophilic 
cytoplasm and basal nuclei. Interspersed goblet cells are more 
numerous near the ostium. The stroma forming the cores of the 
fronds contains a few lymphocytes, mast cells, and plasma cells. 
Muscle fibers, present at the base of the fronds, are occasionally 
found in the stroma of the fronds. The smooth muscle, forming the 
sphincter choledochus, becomes apparent in the wall of the duct 
several millimeters before the duct enters the duodenal window. 
About 5 mm from the duodenal wall, longitudinal muscle fibers are 
present around two-thirds of the common bile duct; at 2 mm from 
the duodenal musculature, circular muscle fibers increase and 
completely surround the duct (100). These intrinsic muscle fibers are 
separated from the muscularis propria of the duodenum by 
connective tissue and, at times, pancreatic tissue (100). Variable 
amounts of circular and longitudinal muscle fibers also surround the 
common channel. Before forming a common channel, the common 
bile duct is set apart from the pancreatic duct by a septum that 
eventually loses its muscle fibers, becoming a thin connective tissue 


membrane (100). Interspersed between areas of smooth muscle 
around the common bile duct or common channel are collagen, 
elastic fibers, small nerves, and ganglion cells. When the common 
bile duct and duct of Wirsung are separate within the papilla, they 
are distinguishable by light microscopy because the common bile 
duct is larger, has more prominent fronds, a greater amount of 
enveloping smooth muscle, and bile in its lumen. 


Figure 29.17 The duct of Wirsung at the papilla of Vater is lined 
by a single layer of tall columnar cells with occasional 
interspersed goblet cells. Accessory pancreatic ducts and acini 
are also observed. 


Figure 29.18 Near the ostium of the major papilla, the 
epithelium of the common bile duct lines prominent papillary 
fronds (valvules). 


A bewildering assortment of glands and ducts of various caliber 
surround the common bile duct at the papilla. Frequently, it is only 
possible to distinguish mucous glands from the terminations of 
accessory pancreatic ducts by studying serial sections (77). Mucous 
glands drain into the shallow or deep recesses between the papillary 
fronds (Figure 29.19). The number of these glands and their 
distribution are variable. Glands near the surface of the papilla may 
be distended with mucus, and some may even represent dilated 
accessory pancreatic ducts (105). The number and distribution of 
accessory pancreatic ducts within the major papilla are also 
inconstant. These small accessory pancreatic channels, having been 
studied in serial sections and by camera lucida drawings, empty into 
the common bile duct (Figure 29.20), duct of Wirsung, common 
channel, surface of papilla, or through the duodenal mucosa near the 
papilla (77,107). They are sometimes numerous and may cause 
obstruction of the common bile duct, duct of Wirsung, or common 
channel. In such instances, a diagnosis of accessory duct hyperplasia 


may be 
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appropriate (105). In an autopsy study, accessory pancreatic ducts 
were absent in only two of 100 major papillae (107). The ducts drain 
small lobules of pancreatic acini located within or, more often, near 
the papilla. In one study, pancreatic acini were found in 8% of 145 
major papillae, whereas pancreatic islets were not seen in any of the 
major papillae (108). The ducts appear as packets of multiple lumens 
of small caliber encircled by a cellular fibrovascular stroma (Figure 
29.21). Within a group of ducts, the larger central duct is surrounded 
by smaller branches. Groups of ducts are sometimes seen 
penetrating the duodenal smooth muscle. Small groups of heterotopic 
pancreatic acini and ducts also occur in the submucosa of the 
duodenum away from the major papilla (Figure 29.22). 


Figure 29.19 Mucous glands are present around the common 
bile duct at the papilla and drain into recesses between the 
papillary fronds. 
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Figure 29.20 Accessory pancreatic ducts pierce the large 
smooth muscle bundles to empty into the lumen of the common 
bile duct. 


Figure 29.21 Accessory pancreatic ducts that penetrate the 
smooth muscle bundles at the choledochoduodenal junction are 
surrounded by a fibrovascular stroma. 


Immunohistochemically, the cells lining the common bile duct and the 
duct of Wirsung at the papilla are positive for low-molecular weight 
keratin (CAM 5.2 antibody), CK7, and epithelial membrane antigen 
(EMA). There may be linear apical staining for CEA (unabsorbed 
polyclonal antibody). The adjacent mucous glands and accessory 
pancreatic ducts have the same immunoreactivity for keratin and 
EMA. A few scattered cells lining the large ducts within the pancreas 
are positive for neuron-specific enolase, chromogranin A, insulin, and 
glucagon (109). Chromogranin-positive cells are sometimes located 
in the lining epithelium of the duct of Wirsung and common bile duct 
within the papilla. Mucous glands and accessory pancreatic ducts also 
contain scattered cells immunoreactive for neuron-specific enolase 
and chromogranin A (Figure 29.23). In patients with 

pancreaticobiliary disease, a few cells lining the lumen of the papilla 
and in adjacent mucous glands have been found to be 

immunoreactive for somatostatin (56). Although usually absent, 
endocrine cell micronests may be scattered singly or are grouped in 


the stroma adjacent to pancreatic ducts, ductules, or accessory 

P.719 
glands but not around the common bile duct (108). They have been 
found in about 3% of major papillae. They consist of round, oval, 
trabecular, or ribbonlike groups of cells that immunohistochemically 
are distinct from those of pancreatic islets. They are typically 
scattered, rarely nodular, and immunohistochemically stain for 
somatostatin and pancreatic polypepide. It is unclear whether they 
are a normal finding or represent a metaplastic or hyperplastic 
condition. The functional role of these endocrine cells in the papilla 
of Vater is unknown. 


Figure 29.22 Groups of heterotopic pancreatic ducts and acini 
may be seen in the submucosa of the duodenum away from the 
papilla of Vater. 
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Figure 29.23 Some of the small ducts around the duct of 
Wirsung at the major papilla contain a few cells that are 
immunoreactive for chromogranin A (immunoperoxidase 
technique). 


At the minor papilla, the pancreatic duct of Santorini contains 
papillary fronds that are lined by simple columnar epithelium with 
some goblet cells (Figures 29.24,29.25). Small pancreatic ducts open 
into the lumen of the duct of Santorini at the minor papilla or 
separately into the duodenum (81). Small lobules of pancreatic acini 
may be present within the connective tissue of the minor papilla and 
were seen in 77% of 167 minor papillae in a study by Noda et al. 
(108), who noted that 14% of the papillae also contained well- 
formed pancreatic islets. Atrophic or poorly formed islets are present 
uncommonly. Smooth muscle bundles separated by collagen, small 
nerves, and ganglion cells surround the duct. The bundles of muscle 
occasionally are continuous with those of the muscularis mucosae of 
the duodenum, but in many instances continuity between the groups 
of muscle fibers is lacking (81). The lining epithelial cells and those 


of the small pancreatic ducts stain strongly for low-molecular weight 
keratin (CAM 5.2 antibody), CK7 and weakly for CEA (unabsorbed 
polyclonal antibody). A few cells within small ducts and some that 
line the lumen of the duct of Santorini are flask-shaped and 
immunoreactive for neuron-specific enolase and chromogranin A 
(Figure 29.26). Small groups of neuroendocrine cells may extend 
below the epithelial lining (Figure 29.27). In the above-mentioned 
study of 167 minor papillae, 16% contained endocrine micronests, 
which were 
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predominantly scattered and rarely nodular (108). They were usually 
immunoreactive for somatostatin and pancreatic polypeptide and 
lacked staining for insulin and glucagon. It is possible that some of 
these micronests represent metaplasia/hyperplasia or neoplasia. 


Figure 29.24 The duct of Santorini at the minor papilla contains 
papillary fronds and is surrounded by muscle bundles. 


Figure 29.25 The duct of Santorini at the minor papilla is lined 
by tall columnar cells with interspersed goblet cells. 


Figure 29.26 A few cells that line the duct of Santorini at the 
minor papilla are flask-shaped and immunoreactive for 
chromogranin A (immunoperoxidase technique). 


Figure 29.27 A group of cells below the lining epithelium of the 
duct of Santorini at the minor papilla is immunoreactive for 
chromogranin A (immunoperoxidase technique). 
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Introduction 


The pancreas is an unpaired organ located in the left superior 
retroperitoneum. It is principally an epithelial organ that includes 
both exocrine elements (acini and ducts) and endocrine elements 
(islets of Langerhans). The stroma is sparse in the normal gland, 
although areas of fibrosis commonly occur as individuals age. There 
are relatively few opportunities for pathologists to observe the 
normal histology of the pancreas because (a) the gland quickly 
autolyzes; (b) normal pancreatic tissue is rarely resected; and (c) 
when the pancreas is resected for a neoplasm, the adjacent 
nonneoplastic parenchyma usually has substantial abnormalities. For 
this reason, minor histologic alterations or even normal structures 
may not be accurately recognized. 


Anatomic Considerations 


Location and Relationship to Other 


Structures 


Located in the retroperitoneum posterior to the omental bursa at the 
level of the second and third lumbar vertebrae, the pancreas extends 
from the duodenal loop at the right of the midline to the left across 
the posterior abdominal wall toward the hilum of the spleen (Figure 
30.1) (1). The head of the gland is cupped within the C-shaped 
second and third portions of the duodenum. The distal portion of the 
common bile duct passes through the posterosuperior head of the 
pancreas to enter the duodenum at the ampulla of Vater. The left 
lobe of the liver lies anterior to the head. The neck of the gland is 
the slender area of the pancreas anterior to the mesenteric vessels 
and inferior to the pylorus. The body of the pancreas extends from 
the neck lateral to the left border of the aorta. The posterior wall of 
the gastric antrum usually overlies the body, and the proximal 
jejunum immediately distal to the ligament of Treitz passes inferior 
to the body. The posterior aspect of the body approaches the left 
adrenal gland and kidney (2). The tail of the pancreas extends from 
the left border of the aorta laterally and gradually tapers to a blunt 
end within several centimeters of the hilum of the spleen. In most 
individuals, the tail is located either centrally (50%) or inferiorly 
(42%) within the splenic hilum; rarely (8%) it is in the superior 
hilum (3,4). The anterior aspect of the pancreas, as well as the 
Superior surfaces of 
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the neck, body, and tail, are covered by the peritoneal surface of the 
posterior aspect of the lesser sac (5). 


Figure 30.1 Anatomic relationships of the pancreas. The anterior 
aspect of the upper abdominal viscera is shown after removal of 
the stomach and omentum. Note the close relationship of the 
pancreas to the duodenum, jejunum, spleen, and major vessels. 


Drawing by 

M. BrAfidel. Reprinted with permission from: Fawcett DW. Bloom 
and Fawcett: A Textbook of Histology. 12th ed. New York: 
Chapman & Hall; 1994. 


Because of the proximity of the pancreas to several organs and other 
anatomic structures, tumors of these sites may be difficult to 
distinguish radiographically. Pancreatic masses may be confused with 
neoplasms of the duodenum, the ampulla of Vater, the distal bile 
duct, the left adrenal gland, the superior poles of either kidney, the 
spleen, the left lobe of the liver, the greater curve of the stomach, 
the root of the mesentery, and the superior retroperitoneum. 


A number of major blood vessels are closely related to the pancreas 
(5,6). The body rests on the aorta. The celiac trunk arises from the 
aorta superior to the neck of the pancreas and gives off the hepatic 
artery as well as the tortuous splenic artery, which runs superior to 
the pancreatic tail. The superior mesenteric artery arises posterior to 
the junction of the neck and body, and the adjacent superior 
mesenteric vein passes through a groove between the head and the 
neck, with a portion of the head (the uncinate process) extending 
around the superior mesenteric vessels to lie anterior to the aorta. 
The head of the gland also rests on the inferior vena cava, the right 
renal vessels, and the left renal vein. These major vessels all lie 
posterior to the pancreas, allowing for safe surgical access to the 
gland from the anterior aspect (7). The splenic vein accompanies the 
splenic artery along the superior aspect of the tail, joining the 
Superior mesenteric vein to form the portal vein near the 
posterosuperior border of the head. 


The arteries supplying the pancreas are primarily branches of the 
celiac trunk and the superior mesenteric artery (2,4). The arterial 
supply has many anastomoses between the different vessels, and 
numerous anatomic variations exist. The pancreatic head is supplied 
by the anterior and posterior pancreatoduodenal arteries, which form 


arcades in the pancreatoduodenal sulcus. The anterior or 
prepancreatic arcade is formed from the anterior superior 
pancreatoduodenal artery (a branch of the gastroduodenal artery) 
and the anterior inferior pancreatoduodenal artery (a branch of the 
Superior mesenteric artery). The posterior arcade is formed from the 
posterior superior pancreatoduodenal artery (from the 
gastroduodenal artery) and the posterior inferior pancreatoduodenal 
artery (from the superior mesenteric artery). Venous drainage is by 
the pancreaticoduodenal veins, tributaries of the splenic and superior 
mesenteric vein (7). 


The body and tail of the gland are supplied by the dorsal, inferior, 
and caudal pancreatic arteries and are drained by the inferior and 
left pancreatic veins. The dorsal pancreatic artery, also know as the 
Superior pancreatic artery, has various origins, including the first 2 
cm of the splenic artery, the hepatic artery, the celiac trunk, or the 
Superior mesenteric artery. The right branch of the dorsal pancreatic 
artery extends across the pancreatic head and supplies the neck of 
the pancreas, joining the anterior pancreatic arcade. The left branch, 
known as the inferior pancreatic artery, runs along the inferior body 
of the pancreas. 


Within the pancreas, a large branch of the splenic artery known as 
the great pancreatic artery, or pancreatica magna, provides left and 
right branches that course parallel to the main pancreatic duct. The 
right branch joins the inferior or dorsal pancreatic arteries, and the 
left branch joins the caudal pancreatic artery. Branches of these 
pancreatic arteries supply interlobular arteries, and one intralobular 
artery supplies each lobule. 


Major lymphatic vessels follow the course of the blood vessels. 
Approximately 55% of interlobular lymphatics are closely related to 
the accompanying artery and vein, 25% are separated from other 
structures by connective tissue, and 20% are closely related to 
acinar cells. Only 2% border the ductal system (8). The interlobular 
lymphatics drain toward the surface of the pancreas and enter a 


surface network, sometimes referred to as collecting vessels, and 
converge toward the lymph nodes. 


There are two major systems of lymph nodes draining the pancreas: 
one rings the pancreas and the other surrounds the aorta from the 
level of the celiac trunk to the origin of the superior mesenteric 
artery. Lymph nodes may be closely apposed to the periphery of the 
gland or even embedded within its substance, especially along the 
inferior and superior borders and in the anterior and posterior 
pancreatoduodenal 
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regions. Many lymph nodes are also found around the celiac axis, 
adjacent to the common bile duct, and at the splenic hilus (9). 
Several classification systems exist for these lymph nodes 
(9,10,11,12), although from the standpoint of involvement by 
carcinoma, the lymph node classifications appear not to have clinical 
significance. 


Innervation of the pancreas is from the vagus nerve 
(parasympathetic) and the splanchnic nerves (sympathetic) via the 
celiac and superior mesenteric plexi (2,5). The course of the nerves 
accompanies the vasculature (4). 


Gross Anatomy 


In adults, the pancreas usually measures 15 to 20 cm in length and 
weighs 85 to 120 g. It is slightly larger in men than in women (6,13). 
The pancreas weighs 2 to 3 g in the newborn and reaches 7 g at 1 
year of age (14). The weight of the gland gradually decreases after 
40 years of age to a mean of 70 g in the ninth decade of life (13). 


The pancreas is composed of four rather indistinct anatomic regions: 
the head, neck, body, and tail (Figure 30.2). The bulk of the organ is 
composed of the head, including the uncinate process, which 
develops separately and may be anatomically separate in some 
individuals (see below). The uncinate process (from the Latin uncus 


or a€cehooka€* ) extends inferiorly and posteriorly from the head of 
the gland and lies behind the pancreatic neck and the superior 
mesenteric vessels. These vessels frequently indent the uncinate 
process, producing the hook shape. This vascular sulcus is helpful for 
orienting the pancreas in pancreatoduodenectomy specimens. The 
neck of the pancreas is the short constricted area of the pancreas 
that rests anterior to the mesenteric vessels. The neck and body are 
somewhat triangular in cross section, whereas the distal-most tail is 
flat (2). 


The normal pancreas is pink-tan to yellow and uniformly lobulated. 
The anterior surface is smooth and covered by a layer of peritoneum; 
the remaining surfaces are invested by a thin layer of loose 
fibroconnective tissue. No discrete capsule is present; and, 
depending on the amount of parenchymal fat and the extent of any 
fibrosis, the interface with the surrounding retroperitoneal adipose 
tissue may be indistinct. 


Cut sections of the pancreas reveal arborizing thin-walled white ducts 
extending into the well-demarcated lobules. The main pancreatic duct 
of Wirsung averages 3.0 mm (ranging from 1.8 to 9.0 mm) in 
diameter (15), gradually enlarging to 4.5 mm near the ampulla of 
Vater, through which it drains into the duodenum. Main ducts greater 
than 10 mm in diameter are considered pathologically dilated. Up to 
50 secondary or branch ducts drain into the main duct (16,17), 
entering alternately from either side in a herringbone pattern (Figure 
30.3) (6). The course of the major ducts varies depending on the 
pattern of fusion and atrophy of ducts that occurs during 
development. In general, the main pancreatic duct of Wirsung begins 
in the tail, collecting tributaries as it passes through the body and 
neck toward the head. The duct makes an acute turn inferiorly in the 
head of the gland, where it is joined by the accessory duct of 
Santorini from the superior head as well as the major duct from the 
uncinate process, ultimately exiting through the ampulla at the major 
papilla. The accessory duct generally does not communicate 
separately with the duodenum, although retention of embryonic 


patency through the minor duodenal papilla is not uncommon. 


Figure 30.2 Gross appearance of the normal pancreas. The 
bulbous head (left) is connected to the neck, body, and tail, 
which merge imperceptibly. The parenchyma consists of distinctly 
lobulated pink-tan fleshy tissue. The pancreatic duct (opened 
longitudinally) is thin and smooth throughout its course. 


Accessory pancreatic duct 
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Figure 30.3 Schematic diagram of the pancreas showing the 
pattern of the major ducts and their tributaries. In this example 
the accessory duct is patent at the duodenum through the minor 
papilla. Reprinted with permission from: 

Cubilla AL, Fitzgerald PJ. Tumors of the exocrine pancreas. In: 
Hartmann WH, Sobin LH, eds. Atlas of Tumor Pathology. 2nd 
series, fascicle 19. Washington, DC: Armed Forces Institute of 
Pathology; 1984. 


The relationship of the main duct to the distal common bile duct is 
also highly variable. The prototypical ampulla is a _ flask-shaped 
common channel within the wall of the duodenum formed by the 
fusion of the two ducts. A significant common channel is uncommon, 
however. In many cases, length of the common channel is less than 
3 mm. In others, the two ducts remain separate throughout their 
course, entering side by side at the major papilla or completely 
separately (Figure 30.4) (4,13,18). In these individuals, a common 
channel does not exist or is extremely short. In one study, only 43% 
of individuals had a common channel greater than 3 mm in length 
(19). Villiform mucosal projections are present within the distal 
ducts; these valves of Santorini may prevent the reflux of duodenal 
secretions (20,21). The intraduodenal portions of the pancreatic and 
bile ducts are surrounded by thin fascicles of smooth muscle (the 
sphincter of Oddi), which are continuous with both the muscularis 
mucosae and the muscularis propria of the surrounding duodenum. 


Long common 
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Figure 30.4 Anatomic variations in the paths of the pancreatic 
and bile ducts at the ampulla. A long common channel (the 
prototypical ampulla) is only present in some individuals. In 
others, the ducts fuse within only a few millimeters of the 
duodenum, resulting in a short common channel, or the two 
ducts enter separately. Reprinted with permission from: 
DiMagno EP, Shorter RG, Taylor WF, Go VL. Relationships 
between pancreaticobiliary ductal anatomy and pancreatic ductal 
and parenchymal histology. Cancer 1982;49:361a€“368. 


Development 
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Organogenesis 


During the fourth to fifth weeks of gestation, the pancreas forms 
from the endoderm of the distal embryonic foregut as dorsal and 
ventral buds (22,23). The dorsal bud forms opposite the hepatic 
diverticulum, whereas the ventral bud, which may be bilobed, forms 
adjacent to the hepatic diverticulum (17). Thus, the duct from the 
ventral pancreas is closely apposed to the common bile duct. With 
the rotation of the duodenum during the sixth week, the ventral 
pancreas with the common bile duct migrates circumferentially to the 
right around the posterior aspect of the duodenum to lie posterior 
and inferior to the dorsal pancreas (Figure 30.5). The two portions 
generally fuse during the seventh week. The dorsal portion makes up 
the superior head as well as the entire neck, body, and tail of the 
adult gland, and the ventral portion becomes the remainder of the 
head, including the uncinate process (23). The ductal systems of the 
two lobes also normally fuse, with connection of the dorsal duct to 
the duodenum at the minor papilla being lost and the ventral duct 
providing the drainage for the exocrine secretions. Thus, the distal 
two-thirds of the main pancreatic duct (of Wirsung) develop from the 
embryonic dorsal duct, whereas the proximal one-third forms from 
the ventral duct. The complicated union of these different ducts 
accounts for the tortuous nature of the main pancreatic duct in 
adults. The remaining proximal portion of the dorsal embryonic duct 
becomes the accessory duct of Santorini. The ampulla of Vater 
develops during the eighth week. 


Figure 30.5 Development of the pancreas. The dorsal and 
ventral buds form on opposite sides of the duodenum (A). During 
the sixth week, the ventral pancreas migrates posteriorly around 
the duodenum (B) to lie inferior to the dorsal pancreas, where it 
comprises much of the head of the gland (C). Reprinted with 
permission from: 

Skandalakis LJ, Rowe JS Jr, Gray SW, Skandalakis JE. Surgical 
embryology and anatomy of the pancreas. Surg Clin North Am 
1993573 661Lae 6977. 
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Cytogenesis 


The complex events required for normal cellular development of the 
pancreas have three components (24). First, as described above, the 
foregut endoderm becomes patterned to form the dorsal and ventral 
pancreatic buds. Second, the cells undergo lineage commitment to 
either endocrine or exocrine cell fates. Third, pancreatic 
morphogenesis occurs by way of extensive growth and branching. 
Recent studies suggest that distinct signaling pathways control these 


events, but it is important to note that tissue specification, lineage 
commitment, and growth are highly interdependent and have 
considerable spatial and temporal overlap. 


Several transcription factors are required for pancreas specification. 
Prior to and during budding, the pancreatic primordium expresses the 
homeodomain protein Pdx1 (also known as IPF1) (24), and Pdx1- 
positive progenitors give rise to all three epithelial cell lines (25). 
The developing ductal epithelium retains uniform Pdx1_ expression, 
but later Pdxl expression is lost in the ductal cells, being primarily 
restricted to the islet cells, with low levels detectable in some acinar 
cells. Under certain conditions, Pdxl expression again becomes 
detectable in individual pancreatic ductal epithelial cells, raising the 
possibility of multipotential stem cells within the mature ductal 
epithelium (26). 


Among others, additional transcriptional factors involved in 
pancreatic morphogenesis include Sox17, HLXB9, and PTF1; and 
many endocrine lineage-specific transcription factors are known, 
such as Ngn3, NeuroD/Beta2, Nkx2.2, and Nkx6.1 (27,28,29,30). 
However, little information exists regarding similar factors required 
for exocrine differentiation. The p48 component of the heterotrimeric 
PTF1 transcription factor complex is required for normal exocrine 
differentiation (31). 


Pancreatic development is also regulated by cell fate determining 
signals from developmental patterning pathways, such as the Notch 
and Hedgehog (Hh) signaling pathways. Notch signals are required 
for epithelial branching and normal exocrine lineage commitment 
(32). Of the three hedgehog genes essential for mammalian 
embryogenesis (sonic hedgehog [Shh], Indian hedgehog [Ihh], and 
desert hedgehog [Dhh]), Shh expression in midgestational embryos 
is critical for proper foregut and gastrointestinal development. In 
contrast, Shh is excluded from the developing pancreas, and 
repression of Shh permits appropriate transcriptional activation of 
pancreatic genes (33). 


The developing ducts form solid cellular cords that proliferate into 
the surrounding mesenchyme. As the ducts branch progressively, 
luminal spaces are formed. Both acinar and endocrine cells develop 
from these primitive ducts (34). The cells at the termini of the 
branches differentiate into acinar cells during the third month of 
gestation (34). The pancreatic lobules are formed by the 
accumulation of acinar units around ductular branches that are 
separated by layers of mesenchyme. By the fourth month the acinar 
cells contain zymogen granules (14). The earliest granules identified 
in acinar cells are elongated and angular, with a fibrillary internal 
matrix. These granules, along with small spherical granules, may be 
detected at 15 to 20 weeks gestation (23,35,36). By 20 weeks, the 
granules resemble the zymogen granules of the adult pancreas, and 
the elongate granules disappear. The nature of the elongate granules 
remains unclear, and enzymes have yet to be detected in them. 
However, it is interesting that similar â€œirregular fibrillary 
granulesa€* have been repeatedly detected in pancreatic neoplasms 
with acinar differentiation (36,37,38,39,40,41). 


Islet cells also develop from the ducts at 8 to 10 weeks gestation. 
Most of the islet cells appear to originate from the intralobular and 
interlobular ducts (16). In the third month, developing endocrine cell 
clusters bud off from the ducts and surround capillaries to form 
discrete islets (42,43). In even the earliest developing islets, 
differentiated Î+ and Î? cells can be recognized (43,44,45). At 16 
weeks the i+ and Î? cells segregate to opposite ends of the islets; 
these bipolar islets are gradually replaced between 18 and 20 weeks 
by mantle islets having a central core of Î? cells surrounded by a rim 
of [+ cells (34,43,45). Although the microscopic architecture of the 
mature adult islets is more complex, the peripheral location of the {+ 
cells found in the mantle islets is roughly maintained. 


During the third to fourth months, the pancreatic tissue becomes 
increasingly organized around the branching ductal structures to 
form lobules (Figure 30.6Aa€“B). The characteristics of the ductal 
lining cells specific to their level within the ductal system become 


established during this period. The mesenchymal elements of the 
early pancreas are prominent. The early periductal stroma is highly 
cellular (Figure 30.6C), resembling the ovarian-like stroma that 
characterizes mucinous cystic neoplasms (46,47). As the pancreas 
develops, the mesenchyme becomes increasingly less abundant and 
less cellular, ultimately constituting a relatively minimal component 
of the adult gland. 


Developmental Anomalies and 
Heterotopia 


Complete or partial pancreatic agenesis is rare. Complete agenesis is 
associated with gallbladder agenesis, diaphragmatic hernia, and 
growth retardation. A homozygous deletion in the Pdx1 gene was 
recently identified in a girl born with complete pancreatic agenesis 
(48), interesting because of the role Pdx1 plays in pancreatic 
development. Most patients with partial pancreatic agenesis survive; 
but, depending upon the amount of pancreatic tissue that develops, 
they may have diabetes mellitus. More common than pancreatic 
agenesis is pancreatic hypoplasia, also referred to as congenital 
short pancreas. This condition may be part of a congenital syndrome 
or present as an isolated anomaly. The pancreas appears short and 
stubby but otherwise retains the 
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normal appearing lobular architecture. Pancreatic hypoplasia typically 
is not associated with hypofunction. 


Figure 30.6 A. The fetal pancreas at 18 to 20 weeks of 
gestation exhibits a well-developed lobular architecture. The 
loose connective tissue between the lobules is relatively 
abundant. B. Both acinar and endocrine elements are well 
developed and are functioning at this stage. C. The mesenchyme 
surrounding the ducts is highly cellular, resembling the so-called 
ovarian-like stroma of mucinous cystic neoplasms. 


Annular or ring pancreas is an extremely rare developmental 
anomaly in which there is partial or complete encircling of the second 
part of the duodenum by pancreatic tissue (Figure 30.7) 
(4,49,50,51). Pancreas divisum usually accompanies annular 
pancreas (52), and the condition affects only 0.015% of the 
population (53). Possibly it is the failure of one of the lobes of the 
ventral embryonic bud to regress, causing it to encircle the 
duodenum during the normal rotation of the duodenum. Annular 


pancreas commonly causes duodenal obstruction, which varies in 
severity and age of onset, depending on the extent of luminal 
constriction. Some cases are also associated with duodenal atresia 
(51). The band of pancreatic tissue partially or completely encircling 
the duodenum is flattened and may be embedded within the 
muscularis propria. Histologically it contains all of the normal 
parenchymal elements. Because the portion of pancreas encircling 
the duodenum is derived from the ventral pancreas, it is rich in 
pancreatic polypeptide-containing islets (54). 


There are many variations in the paths of the pancreatic ducts and 
their relationship to the common bile duct (17,51). The 
communication between the dorsal pancreatic duct and the 
duodenum fails to obliterate in up to 40% of adults (17,55), resulting 
in a patent accessory duct (of Santorini) at the minor papilla, 
proximal to the opening of the main duct and bile duct at the major 
papilla. In such instances, the dorsal duct may provide the main 
route of drainage for the gland and may be much larger in 
circumference than the ventral duct. This condition appears to be 
more prevalent in children, suggesting that obliteration of 
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the accessory duct opening may continue to occur in adulthood (56). 
Also, the two ducts may fail to fuse entirely, resulting in two 
separate ductal systems, a condition known as pancreas divisum. 
This anomaly occurs in 5 to 10% of individuals (17,57). The 
pancreatic parenchyma of the two lobes is usually fused (23), and 
the abnormality may not be detected unless a careful study of the 
ductal system is performed. There are three types of pancreas 
divisum: type 1, or classical pancreas divisum, involves total failure 
of duct fusion, causing most of the pancreatic secretions to drain 
through the duct of Santorini at the diminutive minor papilla, with 
the duct of Wirsung draining the small ventral pancreas through the 
major papilla; type 2 involves dominant dorsal drainage in which the 
ventral duct regresses completely, leaving the single dorsal duct and 
minor papilla as the only means of egress for exocrine secretions; 


and type 3 involves incomplete pancreas divisum, where a small 
communicating branch of the ventral duct remains (58). Patients with 
pancreas divisum seem to have a higher incidence of pancreatitis, 
especially when the opening of the dorsal duct at the minor papilla is 
small (51,57,59). 


Figure 30.7 Annular pancreas. The pancreatic tissue completely 
encircles the duodenum, which is opened longitudinally. 
Reprinted with permission from: 

Hruban RH, Pitman MB, Klimstra DS. Tumors of the pancreas. In: 
Silverberg SG, Sobin LH, eds. Atlas of Tumor Pathology. 4th 
series. Washington, DC: Armed Forces Institute of Pathology; 
2006. 


Anomalous junction of the main pancreatic duct with the distal 
common bile duct may occur within the head of the pancreas more 
than 2 cm proximal to the duodenum (17,51). This abnormality may 
be associated with choledochal cysts and carcinomas of the 
extrahepatic bile ducts or gallbladder (17,60,61). In a rare 
abnormality of the pancreatic duct, bifid pancreas, the main 
pancreatic duct bifurcates within the body of the pancreas (62). 


Pancreatic heterotopia is defined as pancreatic tissue located outside 
of the normal anatomic position of the gland (51). Heterotopic 
pancreatic tissue is found in portions of the upper gastrointestinal 
tract and its appendages in up to 15% of individuals at autopsy (63). 
The surgical incidence, however, is only 0.2% (64). Of the cases 
detected during life, 25 to 50% are symptomatic (63,65). Although it 
is presumed to be congenital in origin, most symptomatic cases are 
detected in adulthood (65). The duodenum and stomach are the most 
common locations of pancreatic heterotopia (4,66), with most 
duodenal cases occurring in the second portion several centimeters 
proximal to the ampulla of Vater. Often the tissue is found in the 
submucosa beneath the minor duodenal papilla and represents 
remnants of the embryonic dorsal ductal system. Pancreatic 
heterotopia also may occur elsewhere in the duodenum and may 
involve the ampulla of Vater (67,68). Other sites of pancreatic 
heterotopia include the jejunum, Meckel's diverticulum, the large 
bowel, and the liver, where it is generally located around the bile 
ducts (69). In the tubular gastrointestinal tract, heterotopic pancreas 
appears as lobulated submucosal nodules of yellow to white firm 
tissue ranging from several millimeters to several centimeters in 
size. The overlying mucosa may be umbilicated in larger examples 
(Figure 30.8A). Rarely heterotopic pancreatic tissue is present on the 
serosal surface. Microscopically, the type and amount of the different 
pancreatic cell types varies. Most cases have ducts, and they may be 
the only epithelial component. Such cases have submucosal 
aggregates of small ducts and lobules of ductules, typically 
surrounded by interlacing smooth muscle fascicles, resulting in the 
appearance of so-called adenomyoma. Many cases do show some 
acinar and endocrine elements, and some resemble normal 

pancreatic parenchyma (Figure 30.8B). Some duodenal foci of 
heterotopic pancreas exhibit acini with the features of Brunner's 
glands, emphasizing the embryologic relationship these glands have 
with the pancreas (16). One of the important reasons to recognize 
heterotopic pancreas is to avoid misinterpretation of these ductules 


as carcinoma; however, cases of adenocarcinoma arising in 
heterotopic pancreas have been described (70,71,72), as have 
pancreatic pseudocysts. 


Figure 30.8 Heterotopic pancreatic tissue in the stomach. A. At 
low power, a submucosal nodule of pancreatic tissue results in an 
umbilicated appearance. B. In this example, lobules of normal- 
appearing acinar and ductular structures are separated by bands 
of fibromuscular tissue. Acini, ducts, and islets are arranged in a 
disorganized pattern, with interspersed bundles of smooth 
muscle. 
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Heterotopic tissues also may be found within the pancreas. Accessory 
splenic tissue may be found in the tail of the pancreas or, more 
rarely, in the head (73). In most cases, the splenic tissue is small 
(less than 2 cm), dark red, and spherical. Intrapancreatic adrenal 
cortical tissue has also been described (74). 


Microscopic Features 


Microscopically, the pancreas is arranged in 1- to 10-mm lobules 
(Figure 30.9). The parenchyma within the lobules consists almost 


entirely of the epithelial elements of the pancreas, including the 
acini, the ducts, and the islets of Langerhans. There is minimal 
intralobular connective tissue, but fibroconnective tissue containing 
vessels and nerves separates the lobules. 


Acini 

Acinar cells make up approximately 85% of the mass of the pancreas 
and constitute the main exocrine secretory component of the gland. 
The prototypical architecture of the acinus in routine histologic 
sections appears to be a single layer of polygonal cells surrounding a 
minute central lumen, suggesting a spherical configuration (Figure 
30.10); however, the three-dimensional architecture of the 
pancreatic acini is much more complex (75). In fact, tubular acini are 
commonly detected in histologic sections (Figure 30.11). Also, not all 
acini are located at the terminal end of ductules. Some acini bud 
from the sides of the ductules or are situated between two ductules. 
Anastomosing loops of acini also may be found (75). Thus, the 
secretions of a given acinus may pass through a number of different 
pathways to reach the ductal system. 


Individual acinar cells are polarized, with basally situated round 
nuclei and apical granular eosinophilic cytoplasm. The eosinophilia of 
the apical cytoplasm reflects the accumulation of numerous zymogen 
granules (Figure 30.10), which contrast with the basophilic zymogen 
granules of salivary serous acini. The zymogen granule content is 
highly dynamic, depending on the secretory state of the pancreas, 
which is largely regulated by digestive hormones (1). The basal 
cytoplasm of the acinar cells is basophilic due to the high 
concentration of ribonucleoproteins in the abundant rough 
endoplasmic reticulum (RER). There may be a clear cytoplasmic zone 
on the luminal side of the nucleus that contains the Golgi apparatus. 
The nuclei are uniform and frequently contain distinct central 
nucleoli; clumps of chromatin are generally present beneath the 
nuclear membrane. The acinar cells sit directly upon the basement 


membrane; in contrast to salivary acini, there are no myoepithelial 
cells surrounding the pancreatic acini. 


Figure 30.9 At low power, the normal pancreas has a well- 
developed lobular arrangement of highly cellular glandular tissue. 


Figure 30.10 Acinar cells contain abundant granular eosinophilic 
cytoplasm in the apical aspect, with basophilic basal cytoplasm. 
The nuclei are also basally located. Most acini consist of 


spherically arranged individual acinar cells. 


Although the acinar cells from different regions of the pancreas are 
all morphologically and functionally similar, there are subtle 
differences in the size and zymogen granule 
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content in the acinar cells immediately adjacent to islets compared 
with those distant from islets, perhaps as a reflection of regional 
variations in islet hormone levels (76,77). 


Figure 30.11 Other acini have tubular configurations and exhibit 
interanastomosing loops when studied by serial sectioning. 


Figure 30.12 Zymogen granules are positive with periodic acid- 
Schiff's stain with diastase pretreatment. Islet cells (lower right) 
are negative. 


Zymogen granules stain positively with periodic acid-Schiff (PAS) 
stain and are resistant to diastase digestion (Figure 30.12). Acinar 
cells also can be demonstrated using stains for butyrate esterase, 
which is positive in the presence of enzymatically active lipase (38). 
Immunohistochemical labeling for pancreatic enzymes such as 
trypsin, chymotrypsin, lipase, amylase, and elastase is positive in 
acinar cells (Figure 30.13) and, with the exception of amylase, these 
are also sensitive markers for acinar differentiation in pancreatic 
neoplasms (38,39,40,78). Each individual zymogen granule contains 
all of the various digestive enzymes, usually in a proenzyme form 
(79,80). Keratins detected by the CAM 5.2 antibody (cytokeratins 8 
and 18) are present in acinar cells; however, there is no labeling 
with the AE1 antibody nor is there with antibodies against 
cytokeratins 7, 19, and 20 (Figure 30.14). Mucins are not produced, 
and immunohistochemical labeling for glycoproteins such as DUPAN- 
2, CEA, and CA19.9 is negative. Finally, endocrine specific antibodies 


such as chromogranin and synaptophysin are negative as well. 


Figure 30.13 Immunohistochemical staining for trypsin results 
in intense labeling of acinar cells but not ductal and islet cells. 
Faint luminal labeling of ductal cells may be seen due to 
deposition of luminal enzymatic secretions on the apical cell 
surfaces (upper right). 


Ultrastructural examination shows features characteristic of active 
exocrine secretion. The RER is arranged in parallel stacks and fills 
the basal cytoplasm (Figure 30.15). Scattered mitochondria and free 
polyribosomes are present between RER cisternae (81). The Golgi 
apparatus is situated in the 
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central region of the cytoplasm near the nucleus. Immature electron- 
dense zymogen granules emanate from the trans side of the Golgi 
apparatus. Larger round, homogeneous mature zymogen granules 
are present within the apical cytoplasm. They measure 250 to 1000 
nm and have limiting membranes closely apposed to the dense 


secretory content. Upon stimulation, the membranes of the secretory 
granules fuse with the apical plasma membrane, expelling the 
contents into the lumen; the excess cell membranes are then 
recycled to the Golgi apparatus (82,83). Accumulated secretions are 
often present within the lumina, sometimes with crystal formation. 
The luminal membranes have sparse, short microvilli containing inner 
microfilaments that are continuous with the terminal web of filaments 
beneath the apical membrane (81). Adjacent acinar cells are joined 
by apical junctional complexes composed of zonula occludens- and 
zonula adherens-type junctions, whereas desmosomes (macula 
adherens junctions) join cells along the basal aspects of their lateral 
membranes (14,81). Each acinus is surrounded by a continuous 
basement membrane. 


Figure 30.14 |mmunohistochemical labeling for keratins. A. The 
CAM 5.2 antibody shows diffuse labeling of acinar cells and ductal 
cells, the latter being more intensely positive. B. The AE1/AE3 
antibodies label only ductal cells. Islet cells show only focal faint 
labeling with any of these antibodies. 


Figure 30.15 The ultrastructural appearance of acinar cells. 
These polarized cells have abundant parallel stacks of rough 
endoplasmic reticulum with interspersed mitochondria in the 
basal cytoplasm. Homogeneous electron-dense zymogen granules 
are concentrated in the apical cytoplasm underlying the lumina. 
The luminal spaces are lined by short microvilli. Adjacent acinar 
cells are joined to one another and to the centroacinar cells (*) 
by apical junctional complexes. The centroacinar cells have 
lucent cytoplasm devoid of secretory granules. 


Ducts 


The ductal system of the pancreas serves to transport the acinar cell 
secretions to the duodenum. The ductal epithelial cells secrete water, 
chloride, and bicarbonate to buffer the acidity of the pancreatic 
juices and stabilize the proenzymes until activation within the 
duodenum. The ductal system is subdivided into five portions: 
centroacinar cells, intercalated ducts, intralobular ducts, interlobular 
ducts (large and small), and main ducts (84). The ductal system 
begins with the centroacinar cells, which are small, relatively 
inconspicuous, flat to cuboidal cells with pale or lightly eosinophilic 
cytoplasm and central oval nuclei (Figure 30.16). Centroacinar cells 
are located in the middle of the acini, where they partially border 

P2733 
the acinar lumina along with the acinar cells, to which they are 
joined by tight junctions. Ultrastructurally, the centroacinar cells 
have cytoplasm largely devoid of organelles, with only scattered 
mitochondria; no zymogen, neurosecretory, or mucigen granules are 
present. Relative to the acinar cells, the cytoplasm is less dense and 
rough endoplasmic reticulum is minimal. The cell surfaces contain 
scattered short microvilli similar to those on the adjacent acinar 
cells. Adjacent cells are joined by abundant junctional complexes, 
and there are often complex interdigitations between them. Some 
centroacinar cells have more abundant granular oncocytic cytoplasm 
(Figure 30.17) that reflects numerous mitochondria (84,85); the 
Significance of this variation is unknown. 


Figure 30.16 A. Most centroacinar cells are inconspicuous small 
cells with minimal cytoplasm and oval nuclei situated in the 
center of the acini. B. In other regions the centroacinar cells may 
be more prominent, with more abundant lightly eosinophilic 
cytoplasm. Centroacinar cells constitute the beginning of the 
ductal system and convey the secretions of acinar cells to the 
intercalated ducts. 


Figure 30.17 Some centroacinar cells are enlarged and have 
oncocytic cytoplasm, a variation of uncertain significance. 


The lumen surrounded by acinar and centroacinar cells drains into 
the intercalated ducts, which are the smallest ducts outside the acini 
(Figure 30.18). The cells lining the intercalated ducts resemble the 
centroacinar cells. They are cuboidal and have central oval nuclei 
with indistinct nucleoli. Mucins are not detected with Alcian blue or 
mucicarmine stains in centroacinar or intercalated duct cells. The 
intercalated ducts fuse to form the intralobular ducts, and the 
transition is imperceptible. The cells lining the intralobular ducts are 
essentially identical to those of the intercalated ducts, although the 
nuclei are round rather than oval (Figure 30.18). Neither intercalated 
nor intralobular ducts have a significant collagenous matrix 
surrounding them. The ductal cells rest directly on the basement 
membrane and lack both myoepithelial and basal cells; thus, in 
contrast to several other organs, the presence or absence of these 
cells cannot be used to help distinguish benign ducts from invasive 
pancreatic ductal adenocarcinoma. 


Once the ducts leave the lobules, they become enveloped by a 
variably thick rim of collagen and are termed interlobular ducts 
(Figure 30.19). The interlobular ductal cells have slightly more 
cytoplasm than those of the intralobular ducts 
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and assume a low columnar shape in the larger ducts. As in the 
smaller ducts, cytoplasmic mucin is not detectable by routine 
histology in intralobular or interlobular ductal cells; mucinous 
cytoplasm visible by routine histology is considered a_ pathological 
change (see below). However, some cytoplasmic mucin may be found 
using special stains. As the interlobular ducts approach the main 
pancreatic ducts (of Wirsung or Santorini), they develop an 
increasingly thick collagenous wall within which lobular aggregates of 


small ductules may be seen, resembling the ductules of Beale that 
surround the major bile ducts (Figure 30.20). 


Figure 30.18 The ductal system within the lobules consists of 
innumerable intercalated ducts that fuse to form _ intralobular 
ducts. The cytologic appearance of the intercalated and 
intralobular ductal cells resembles that of the centroacinar cells, 
and the transition from one to the next is imperceptible. Only 
minimal collagenized stroma surrounds the intralobular ducts 
(lower right). 


Figure 30.19 A. Intralobular ducts come together to form 
interlobular ducts. B. The interlobular ducts are surrounded by a 
variably thick rim of dense fibrous tissue and carry the 
pancreatic secretions to the major ducts, receiving tributaries of 
small interlobular ducts as they pass through the connective 
tissue septa of the gland. 


Figure 30.20 A. The largest interlobular ducts are surrounded 
by a thick rim of collagen. B. Small lobular aggregates of 
ductules are present within the wall of the larger ducts. 


The main pancreatic ducts receive numerous tributaries of 
interlobular ducts (Figure 30.21). The lining epithelium remains flat, 
without papillary projections, except in the very distal duct within the 
ampulla, where simple papillae are found (Figure 30.22). The cells 
are low columnar with basal round nuclei. In these large ducts, there 
may be apical cytoplasmic clearing, reflecting mucin, but tall 
columnar cells with obvious abundant mucin are not normally found, 
and special stains or electron microscopy are often needed to identify 
the mucin (84). The mucins of the intralobular and smaller 
interlobular ductal cells are predominantly sulphomucins and stain 
positively with Alcian blue at pH 1.0 (Figure 30.23) (55,86). In the 
cells of the larger ducts, there are fewer sulfomucins and more 
neutral mucins and sialomucins (86). There is relatively frequent cell 
exfoliation in the main duct, perhaps reflecting a high turnover rate 
due to injury; degenerating cells may be observed within the 
epithelium by electron microscopy (81). The thick connective tissue 
wall contains numerous periductal ductules, as well as fascicles of 
smooth muscle (1). 


Figure 30.21 Numerous interlobular ducts join the main 
pancreatic duct along its course. 


Other than the appearance of increasing numbers of mucigen 
granules and increased exocrine secretory apparatus (RER, 
mitochondria, and Golgi) in the larger ducts, the ultrastructural 
appearance of the ductal cells resembles that of the centroacinar 
cells (Figures 30.24,30.25). In ductal cells from the level of the 
small interlobular ducts, single long kinocilia project from the cell 
surfaces (81,84); cross 
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sections of these cilia may be observed within the lumina of the 
ducts (Figure 30.24). The cilia are connected to basal bodies in the 
paranuclear cytoplasm and may function in mixing and propulsion of 
the pancreatic secretions (81). 


Figure 30.22 As the main pancreatic duct enters the ampulla of 
Vater, the ductal epithelium forms broad, simple papillae known 
as the valves of Santorini. 


Figure 30.23 A. The cells of the intralobular and smaller 
interlobular ducts contain mucin in the apical cytoplasm that 
stains positively with Alcian blue/PAS. B. Staining with 
mucicarmine shows a similar distribution of mucin. 


Ductal cells contain cytokeratins 7, 8, 18, and 19; hence, they are 
immunohistochemically reactive with the AE1, AE3, and CAM 5.2 
antibodies, in addition to antibodies against the specific individual 
cytokeratins (Figure 30.14). They do not express cytokeratin 20. 
Enzyme and endocrine markers are also negative. Carbonic 
anhydrase is detectable in ductal cells, reflecting their role in fluid 
and ion transport (87); most is detected in intercalated and 
intralobular ducts (88), although ducts of larger caliber may weakly 
express this enzyme (Figure 30.26). 
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Other markers of ductal cells include antibodies against CA19-9, 
DUPAN-2, cystic fibrosis transmembrane conductance regulator 
(CFTR), and N-terminal gastrin-releasing peptide (N-GRP) 
(89,90,91,92,93). Normal ducts do not label with antibodies to 
carcinoembryonic antigen when monoclonal antisera are used (94) 
and also fail to label for B72.3 and CA125. Members of the MUC 
family of glycoproteins are variably expressed; MUCI1 is present in 
smaller intralobular and intercalated ducts, MUC6 is expressed in 
centroacinar cells and intercalated ducts; MUC2 and MUC5AC are not 
normally expressed (95,96). 


Figure 30.24 Ultrastructural appearance of intralobular ductal 
cells. The cytoplasm resembles that of centroacinar cells, with an 
electron-lucent appearance and scattered mitochondria and 
rough endoplasmic reticulum. In the smaller ducts, mucigen 
granules are largely absent. The luminal surface exhibits short 
microvilli. In addition, scattered cilia are present, the cross 
section of which may be seen within the lumen (top). 


Figure 30.25 In the larger ducts, more abundant mucigen 
granules accumulate within the apical cytoplasm. These granules 
vary in size and have irregular contours and heterogeneous, 
variably electron-dense secretory contents. There are complex 
interdigitations of the lateral membranes between adjacent cells. 


Islets of Langerhans 


The endocrine component of the pancreas constitutes only 1 to 2% of 
the volume of the gland in adults (1,77) but about 10% in the 
newborn (55,97). The vast majority of endocrine cells are found in 
the over one million islets of Langerhans, first described by Paul 
Langerhans in 1869. Although islets are distributed throughout the 
pancreas, they are somewhat more numerous in the tail (98). 
Apparently random variations in islet concentration may occur from 
one lobule to the next, resulting in the appearance of plentiful islets 
in One area and Sparse islets in an adjacent region (Figure 30.27). 


Figure 30.26 Immunohistochemical staining for carbonic 
anhydrase. In this preparation, there is staining of ductal cells of 
all sizes, including centroacinar, intercalated duct, and 
intralobular and interlobular ductal cells. 


The apparent volume of islets observed in histologic sections also 
varies with the age of the individual and the presence and extent of 
exocrine atrophy, as commonly occurs in chronic pancreatitis. In the 
fetus and neonate, the relative volume of endocrine cells far 
outmeasures that of the adult, especially in the portions derived from 
the dorsal lobe (Figure 30.28) (99). 


Two types of islets are found. Most (90%) are the compact islets: 
sharply circumscribed nests usually measuring 75 to 225 Aum, 
although islets as small as 50 Aum or as large as 280 Aum also may 
be found (100). Compact islets are found predominantly in the body 
and tail of the gland, with fewer in the head. The second type of 
islet, the diffuse islet, is essentially restricted to the posteroinferior 
head of the gland derived from the embryonic ventral lobe 
(101,102). These islets are much less numerous than the compact 
islets and may measure up to 450 Aum. 


Despite the circumscribed appearance of the compact islets, they are 
actually composed of interdigitating trabeculae that appear as small 
lobules in cross section (100). The cells of the compact islets have 
uniform round nuclei with coarsely clumped chromatin and 
inconspicuous nucleoli (Figure 30.29). The cytoplasm is pale and 
amphophilic. Occasional islet cells have nuclei two to four times the 
size of their neighbors, although no irregularities of shape or 
chromatin pattern are present. These nuclei have a 4n or 8n DNA 
content and have been shown to occur exclusively in [2 cells (103); 
they do not have any pathologic significance. Mitotic figures are only 
rarely encountered in normal islets (104). The islets contain 
numerous small vessels, although these capillary-sized vessels are 
almost inapparent by light microscopy. Essentially all of the islet cells 
contact the vasculature. In 
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contrast to those supplying the acinar tissue, the capillaries of the 
islets have a fenestrated endothelium (1). A thin layer of connective 
tissue separates the compact islets from the surrounding acinar 
tissue, but they are not truly encapsulated. 


Figure 30.27 As highlighted by immunohistochemical labeling 
for chromogranin, the concentration of islets varies considerably 
from one lobule (A) to the next (B). 


Diffuse islets have a trabecular appearance, with winding cords of 
cells intermingled among acini (Figure 30.30A). Because they are 
less commonly encountered and have a_pseudoinfiltrative 
appearance, they may be mistakenly regarded as neoplastic, an 
occurrence even more likely in the setting of chronic pancreatitis. In 
addition to the architectural differences already mentioned, the 
diffuse islets contain columnar cells within the trabecula. The 
cytoplasm is basophilic, the nuclei are somewhat hyperchromatic, 
and there may be more prominent nucleoli than in the compact islets 
(Figure 30.30B). 


Each endocrine cell produces only one specific peptide hormone. The 
four major peptides produced by islet cells are insulin, glucagon, 
somatostatin, and pancreatic polypeptide (105). Although some 
pancreatic endocrine neoplasms produce ectopic peptides such as 
gastrin or vasoactive intestinal polypeptide, these are not found in 
normal islet cells. Classical histochemical staining was used to 
distinguish the different cell types. Aldehyde-fuchsin stains insulin- 
secreting {2 cells, the Grimelius silver stain labels glucagon-secreting 


Î+ cells, and the Hellerstrom-Hellman silver stain identifies 
somatostatin-secreting [’ cells. Immunohistochemical labeling with 
antibodies against insulin, glucagon, somatostatin, and pancreatic 
polypeptide provides a more specific method to distinguish the cell 
types. There is a fairly consistent distribution of the cell types within 
the compact islets. The Î? cells are more centrally located, whereas 
the [+ cells populate the periphery of the islets (Figures 
30.31,30.32). Beta cells constitue 60 to 70% and Î+ cells make up 
15 to 20% of the compact islets, 
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whereas the ji’ cells are much less numerous (100,106). Alpha cells 
are generally found in close contact with |’ cells (42), and PP cells 
are rare in the compact islets, being concentrated in the diffuse islets 
where they constitute the majority (70%) of the cells (Figure 30.33) 
(107,108). The remaining cells of the diffuse islets are largely /2 
cells (20%), with minor amounts of [+ and Î° cells (5% of each). The 
difference in proportion of cell types between the compact and 
diffuse islets reflects their different embryologic origins (101,102). 
The relative proportion of the different peptide-producing cells also 
varies with age; for instance, the ratio of [2 to |’ cells in the 
compact islets is manyfold higher in adults than in infants, in whom 
1’ cells constitute one-third of the islet cell population (97,109). All 
of the islet cells also express general endocrine markers such as 
neuron-specific enolase, CD56 (neural cell adhesion molecule), 
synaptophysin, and chromogranin (Figure 30.34). The last marker is 
expressed more intensely in Î+ cells than in ji? cells, and the pattern 
of labeling also reflects the characteristic distribution of the cell 
types in the compact islets. 


Figure 30.28 A fetal pancreas stained immunohistochemically 
for chromogranin. Note the abundance of endocrine cells relative 
to acinar cells at this stage of development. 


Figure 30.29 Compact islets consist of round to oval, generally 
circumscribed collections of endocrine cells. Small capillaries 
separate the islet into lobules. The nuclei have a stippled 
chromatin pattern, and there is moderate amphophilic cytoplasm. 


Some islet cells contain enlarged nuclei several times the size 
those in the neighboring cells. 


of 


Figure 30.30 A. Diffuse islets are composed of trabeculae of 
endocrine cells interspersed between adjacent acini. B. The 
borders of the diffuse islets are ill defined. The cells have 
somewhat basophilic cytoplasm. 
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Figure 30.31 The distribution of the different peptide-producing 
cells within the islets of Langerhans. Beta cells (labeled for 
insulin) are the most numerous (A) and are situated in the 
central regions of the islet. Alpha cells (labeled for glucagon) are 
generally arranged around the periphery (B). Delta cells (labeled 
for somatostatin) (C) and PP cells (labeled for pancreatic 
polypeptide) (D) are much less numerous and do not display an 
obvious pattern of arrangement. 


Figure 30.32 Triple immunohistochemical labeling of a compact 
islet for insulin (red-brown reaction product), glucagon (violet 
reaction product), and somatostatin (green reaction product) 
shows the characteristic distribution of the different cell types. 


Figure 30.33 |!mmunohistochemistry for pancreatic polypeptide 
shows positive staining in most of the cells in the diffuse islets. 


Keratins generally are not detected in islet cells by 
immunohistochemistry, although there may be some faint labeling 
with CAM 5.2. Enzymes also are not detectable. Progesterone and 
CD99 receptors are expressed in normal islets as well as in some 
pancreatic endocrine neoplasms (110,111,112). The homeodomain 
protein Pdxl1, a transcription factor important in pancreatic 
development, is also expressed in adult islet cells. 


Ultrastructural examination of the islets shows polygonal cells joined 
by tight and gap junctions, suggesting that there may be electronic 
or metabolic coupling between adjacent cells (42,100). Scattered 
desmosomes are also present. The cytoplasm contains all of the 
organelles necessary for protein synthesis, including RER, 
mitochondria, and 
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Golgi apparatus; however, the abundant parallel arrays of RER 
characteristic of acinar cells are absent (Figure 30.35). The granules 
are also more randomly distributed within the cytoplasm, with some 
concentration in the basal cytoplasm adjacent to the capillaries into 
which they are secreted. The granule sizes and morphologies are 
relatively specific for each cell type (105,113). Alpha cell granules 
measure 200 to 300 nm and contain an eccentrically located, dense 
core within a less dense outer region that is separated from the 
limiting membrane by a thin halo (Figure 30.36A). Beta cells contain 
225- to 375-nm granules with either a finely granular or a crystalline 
core surrounded by a wide halo underlying the limiting membrane 
(Figure 30.36B). Cytoplasmic lipid inclusions (or ceroid bodies) are 
often found in [2 
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cells (Figure 30.35) (42). Delta cell granules are slightly smaller (170 
to 220 nm) than Î+ cell granules and have a uniformly dense core 
(Figure 30.36C). Delta cells have cytoplasmic processes extending 
toward the i+ and Î? cells, presumably allowing local paracrine 
release of somatostatin in addition to systemic release into the 


bloodstream (100). The PP cells of the ventrally derived portion of 
the pancreas have 180- to 220-nm granules of variable shape and 
density, whereas the PP cell granules of the remainder of the 
pancreas are smaller (120 to 150 nm) and more homogeneous 
(Figure 30.36D) (55). The cells are separated from the fenestrated 
endothelial cells of the capillaries only by the basement membranes 
of both cells and minimal interstitial material (42). 


Figure 30.34 Alpha cells stain more intensely for chromogranin 
than do Î? cells (A), whereas all of the islet cells stain uniformly 
for synaptophysin (B). 


Figure 30.35 Ultrastructural appearance of islets of Langerhans. 
The islets are circumscribed and separated from the adjacent 
acinar cells (left). The peptide granules are randomly distributed 
within the cytoplasm. Lipid inclusions (ceroid bodies) are found 
within the [2 cells. 


Figure 30.36 Ultrastructural appearance of islet cell granules. A. 
Alpha cell granules are round and contain an eccentric electron- 
dense core within a less dense peripheral region. There is a thin 
halo beneath the limiting membrane. B. Beta cell granules are 
polymorphous and contain crystalline cores with a wide halo 
beneath the limiting membrane. C. Delta cell granules are round 
with a moderately dense core surrounded by a very thin halo. D. 
The granules of PP cells are smaller and have homogenous 
hyperdense cores. Reprinted with permission from: 

Terada T, Ohta T, Sasaki M, Nakanuma Y, Kim YS. Expression of 
MUC apomucins in normal pancreas and pancreatic tumours. J 
Pathol 1996;180:160a€“165. 


Extrainsular Endocrine Cells 


In addition to the endocrine cells of the islets of Langerhans, there 


are small numbers of individual endocrine cells within the ducts and 
scattered among the acini (Figure 30.37). These _ extrainsular 
endocrine cells are especially abundant during infancy, but they 
constitute less than 10% of the total pancreatic endocrine cell 
population in the adult (55). The ductal endocrine cells are most 
commonly detected in the main and larger interlobular ducts and are 
rare in the smaller ducts (84,114). Some of them border the lumina 
and are joined to neighboring ductal cells by tight junctions (115), 
whereas others are situated between the ductal cells and the 
basement membrane. They may secrete peptides directly into the 
pancreatic ducts, accounting for the detection of endocrine peptides 
in pancreatic juice (115). Specific peptides may be found, especially 
insulin, somatostatin, and pancreatic polypeptide (114,116). Some of 
the extrainsular endocrine cells in the larger ducts also produce 
serotonin (116); these cells may be the origin of the extremely rare 
true carcinoid tumors of the pancreas (117,118). The number of 
ductal endocrine cells appears to increase in the presence of 
proliferation of the ductal epithelium (Figure 30.38) (114). 
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Figure 30.37 Extrainsular endocrine cells within the ducts and 
between the acini are only detectable with immunohistochemical 


labeling for chromogranin. 


Figure 30.38 The number of ductal endocrine cells is increased 
in areas showing proliferation (the earliest stage of pancreatic 
intraepithelial neoplasia, PanlN-1) of the ductal epithelium 
(right). 


Connective Tissues 


In the normal adult pancreas, there is little connective tissue 
between the lobules and almost none within them. In the neonatal 
pancreas, mesenchymal tissue comprises nearly 30% of the volume 
of the gland; it gradually decreases during infancy (97). The acini are 
surrounded by basement membranes, but very little other collagen is 
present (Figure 30.39). 


Small portal vessels exist that deliver hormonal secretions from the 
islets directly to the exocrine elements of the gland (76,77,119,120). 


A complex capillary network surrounds the acini, and accompanying 
nerve fibers may be found. The acini and ducts are innervated by 
bundles of unmyelinated nerves that travel through the _ interlobular 
connective tissues. In most cases the nerve endings are separated 
from the acinar or ductal cells by the basement membrane, although 
in some cases direct contact with the basal cell membrane of acinar 
cells may be seen (84). Islets are innervated by both sympathetic 
and parasympathetic fibers; in addition, there are peptidergic fibers 
from the autonomic ganglia. Some of the periacinar nerves produce 
neuropeptide Y, whereas vasoactive intestinal 
polypeptidea€“containing nerves are found within islets and adjacent 
to ducts (121). Other peptides found in pancreatic nerves include 
substance P, cholecystokinin, and calcitonin genea€“related peptide 
(121). Small autonomic 
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ganglia are located between clusters of acini (Figure 30.40). 
Paraganglia also may be found occasionally in the peripancreatic 
tissues. The muscular arteries run in the interlobular connective 
tissue, away from the centrally located pancreatic ducts. This 
separation of the ducts and muscular arteries is maintained in 
chronic pancreatitis, and presence of a gland close to a muscular 
artery suggests that the gland is malignant (122). 
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Figure 30.39 Connective tissues are minimal within the 
pancreas. A. Collagen is largely restricted to the tissues 
Surrounding the interlobular ducts, with only thin bands 
extending into the lobules (trichrome). B. —|!mmunohistochemical 
staining for type IV collagen shows that an extensive network of 
basement membranes surrounds each acinus and duct and 
accompanies the capillaries within the islets (upper left). 


In almost every individual, there are some adipocytes within the 
pancreas. The proportion of the gland composed of fat varies from 3 
to 20% (6). The amount of adipose tissue in the pancreas varies with 
the nutritional state and the age of the individual, older or 
overweight individuals having more intrapancreatic fat (123). The 
portions of the gland derived from the dorsal lobe may have more 
intraparenchymal fat than those from the ventral lobe (124,125). 


Figure 30.40 Small autonomic ganglia are located within lobules 
of acinar tissue. 


Recently a population of vitamin Ada€“storing fibroblast-like stromal 


cell has been described (126). These pancreatic a€oestellate cellsa€e 
are biologically and morphologically similar to hepatic stellate (or 
Ito) cells, and activation of these cells appears to play a major role 
in the production of extracellular matrix proteins during the 
development of fibrosis in chronic pancreatitis (126). Another 
recently described stromal cell type is the interstitial cell of Cajal. 
Pancreatic interstitial cells of Cajal have the same morphological and 
immunophenotypic properties as do those in the tubular 
gastrointestinal tract, including immunohistochemical labeling for 
CD117 (127). 


Cytological Features 


Normal pancreatic epithelial cells are commonly encountered in 
cytological preparations such as fine needle aspiration specimens. In 
aspirates of normal pancreas, acinar cells predominate over other 
elements. However, most fine needle aspirations are performed to 
diagnose solid or cystic neoplasms, and any nonneoplastic epithelium 
in these specimens usually originates from areas of chronic 
pancreatitis within or adjacent to the neoplasm, where acinar 
elements are atrophic and ducts remain. Thus, nondiagnostic 
aspirates of pancreatic adenocarcinoma often contain relatively few 
acini and moderate amounts of ductal epithelium. Atypia in this 
ductal epithelium can present a diagnostic pitfall. 


Cytologically, acinar cells appear predominantly as cohesive, small 
grape-like clusters with scattered single cells and occasional stripped 
nuclei (Figure 30.41) (128,129). The round, regular nuclei are 
usually central to eccentric and have uniform chromatin and variably 
prominent or even conspicuous nucleoli. The polygonal cells have 
abundant granular cytoplasm that stains blue-green with the 
standard 
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Papanicolaou stain and purple with the Romanowsky's stain. The 
individual granules may be visible depending on the specific stain. 


The Romanowsky's stain also reveals scattered small cytoplasmic 
vacuoles. The architectural arrangement of the cells is key to 
differentiating benign acinar cells from an acinar neoplasm, the latter 
generally forming large sheets and clusters as opposed to the small, 
uniform grapelike clusters of benign acini. 


Figure 30.41 Cytology of normal acinar cells. There are 
grapelike clusters of cohesive cells with basal round nuclei having 
prominent nucleoli. The eosinophilic zymogen granules are 
apparent in the apical cytoplasm. 


Normal ductal epithelium appears cytologically as large, flat cohesive 
Sheets of epithelium containing round, uniform, evenly spaced nuclei 
that impart a honeycombed appearance (Figure 30.42) (128,129). 
The cytoplasm of these cells can best be seen when the epithelium is 
present in strips, yielding a a€cepicket fencea€* arrangement, or in 
Sheets with a sharp luminal edge. Ductal cells have round to oval 
nuclei with even chromatin and generally small, inconspicuous 
nucleoli. The dense, nongranular and nonvacuolated cytoplasm stains 
aqua-blue with the Papanicolaou stain and more indigo-blue to purple 


with the Romanowsky's stain. Features consistent with a 
nonneoplastic process on cytology include cohesion and nuclei with 
uniform size, shape, spacing, and chromatin pattern. Abundant 
mucinous cytoplasm may be seen in ductal cells with low-grade 
pancreatic intraepithelial neoplasia (see below), but mucinous ductal 
epithelium also raises the possibility of a mucinous cystic neoplasm, 
an intraductal papillary mucinous neoplasm, or even an infiltrating 
adenocarcinoma. 


Figure 30.42 Cytology of normal ductal cells. There are sheets 
of evenly arranged cells with the characteristic honeycombed 
appearance. The nuclei are round and uniform. 


Islet cells are rarely appreciable in aspirate smears. Islet cells are 
uniform and polygonal with round nuclei, coarsely clumped 
chromatin, inconspicuous nucleoli, and pale amphophilic cytoplasm. 


Minor Alterations 


A number of minor alterations may affect various components of the 
pancreas due to physiologic changes, response to injury, or aging. 
Some of these changes are so subtle that they may be overlooked, 
but others may be confused for a neoplastic process. Recognition of 
these potential diagnostic pitfalls is essential for the accurate 
interpretation of biopsies and is complicated by the fact that many of 
these alterations may accompany pancreatic neoplasms. 


Acinar’ Cells 


Acinar cell nodules are common incidental findings that consist of 
circumscribed clusters of acini showing cytoplasmic or nuclear 
differences from the surrounding acini (130,131). Alternative terms 
include atypical acinar cell nodule, focal acinar transformation, 
eosinophilic degeneration, and focal acinar cell dysplasia 
(13,55,132,133). The last term suggests the lesion may be 
preneoplastic, but there is no proof of neoplastic alterations in acinar 
cell nodules in humans, where they are found in nearly half of 
nontumorous pancreata (134). The lesions are more prevalent in 
adults, suggesting that they are acquired (132). Although sometimes 
larger, acinar cell nodules are often similar in size to compact islets, 
with which they may be confused. 


Two types of acinar cell nodules exist (131). The more common is 
the eosinophilic type, which appears as an abnormally pale, 
eosinophilic cluster of acini (Figure 30.43A). At high power, the cells 
are larger than the adjacent normal acinar cells, and the deep 
basophilia of the basal cytoplasm is lacking. The cytoplasm also may 
be vacuolated. The nuclei appear normal or hyperchromatic. This 


change is due to 
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dilatation of the RER (135) and may be a result of localized hypoxia 
or other degenerative phenomena. The other less common type of 
acinar cell nodule, the basophilic type, exhibits a loss of the 
eosinophilic zymogen granules from the apical cytoplasm, as well as 
an increased nucleus-to-cytoplasm ratio (Figure 30.43B). Nuclear 
enlargement, mild atypia, and prominent nucleoli also may be seen. 
The reason for such localized depletion of zymogen granules is 
unclear. 


Figure 30.43 Atypical acinar cell nodules. A. The eosinophilic 
type is more common and consists of a collection of acini 
showing loss of basophilia in the basal cytoplasm and 
hyperchromasia of the nuclei. The eosinophilic granules within 
the apical cytoplasm are maintained. An islet of Langerhans, with 
which these lesions may be confused, is present at lower right. 
B. The basophilic type of atypical acinar cell nodule exhibits an 
increased nucleus to cytoplasm ratio with loss of eosinophilic 
granularity of the apical cytoplasm. Some degree of nuclear 
atypia is also present. 


Acinar ectasia refers to the dilatation of acinar lumina that may occur 
during active secretion (1) or due to ductal obstruction (133). Acinar 
ectasia is also a relatively common finding at autopsy, where it is 
associated with premortem uremia, septicemia, and dehydration 
(13,136,137). Acinar ectasia often involves an entire lobular unit. 
The ectatic acini resemble small ductules, with flattened lining cells, 
but some of the cells are still recognizable as acinar cells that have 
lost most of their zymogen granules (Figure 30.44). Centroacinar 
cells also line the dilated lumina and may proliferate (137). The 
dilated lumina often contain retained eosinophilic secretions. 


Metaplastic changes less commonly involve the acini than the ducts; 
they include replacement by mucinous cells or squamous cells (138). 
Proliferating centroacinar cells may appear to replace the acinar 
cells, especially in the presence of early atrophy (133). The 
possibility that acinar cells may transform into centroacinar or 
ductular cells (a€oeacinar to ductal metaplasiaa€* ) has been 
suggested, especially in animal models of pancreatic neoplasia (139), 
but the occurrence of acinar to ductal metaplasia in humans is 
speculative (140). 


Ductal Cells 


Many metaplastic changes may affect the pancreatic ducts, including 
Squamous, oncocytic, goblet cell (intestinal), and acinar metaplasia. 
However, the most common alteration in ductal cells, especially 
those of the medium-sized and large pancreatic ducts, is the 
replacement of the cuboidal, nonmucinous epithelium with tall 
columnar cells containing abundant luminal mucin that is easily 
appreciable on routinely stained slides (Figure 30.45A), resembling 
gastric foveolar or pyloric gland cells (141,142,143). For many 
years, this alteration was regarded as mucinous 
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metaplasia (or mucous cell hypertrophy, or pyloric gland metaplasia). 
The change is present in up to half of nontumorous pancreata 


(13,16,133,142,144,145) and is usually more prevalent in the head 
of the gland (144). The ductal epithelium may remain flat, or there 
may be formation of micropapillae or true papillae with fibrovascular 
cores (Figure 30.45B). The lesion may involve a single ductal profile 
or may extend into clusters of ductules adjacent to larger ducts. The 
latter circumstance results in the appearance of collections of small 
back-to-back tubules of mucinous cells and has been termed 
adenomatous hyperplasia (141); it is particularly associated with 
areas of chronic pancreatitis (Figure 30.46). With the increasing 
knowledge of the molecular genetic events that occur in pancreatic 
ductal adenocarcinomas, it has become increasingly apparent over 
the past decade that these mucinous changes in the ductal 
epithelium share some of the genetic abnormalities of invasive 
carcinomas (such as activating mutations in codon 12 of the KRAS 
oncogene and telomere shortening (146,147,148,149,150,151)) and 
that they form the beginning of a spectrum of preinvasive neoplasia 
that also includes ductal lesions with increased degrees of 
cytoarchitectural atypia (141,142,145,152,153,154). 

P.746 
Thus, the lesions previously designated as mucinous metaplasia are 
now regarded to be the earliest stage of pancreatic intraepithelial 
neoplasia (or PanIN) and are termed PanIN-1 (155,156). Since not 
all mucinous ductal lesions have detectable oncogene mutations, it is 
possible that a histologically indistinguishable subset is not truly 
neoplastic; thus, an alternative designation is PanlN/L-1, the L 
referring to â€œlesionâ€e . The PanIN-1 lesions with flat epithelium 
are referred to as PanIN-1A; those with micropapillae or true papillae 
are referred to as PanliN-1B. 


Figure 30.44 In acinar ectasia, the acinar lumina are dilated and 
filled with eosinophilic secretions. The lining cells have a 
flattened appearance, often resembling small ductules cells more 
than acinar cells. 


Figure 30.45 Pancreatic intraepithelial neoplasia (PanliN)-1. A. 
In PaniIN-1A, the normal cuboidal to low columnar ductal 
epithelial cells are replaced by tall columnar cells containing 
abundant apical mucin. The nuclei remain basally located and 
show minimal pseudostratification. B. PanlIN-1B has similar 


cytological features but demonstrates papilla formation. Note the 
transition to normal ductal epithelium (left). 


Figure 30.46 A. PaniN-1 may involve aggregates of small 
ductules around larger ducts, resulting in clusters of mucinous 
glands, a finding previously referred to as adenomatous 
hyperplasia ( 

Cubilla AL, Fitzgerald PJ. Morphological lesions associated with 
human primary invasive nonendocrine pancreas cancer. Cancer 
Res 1976;36 (pt 2):2690ad€“2698. 

). B. Because the smallest components of the ductal system are 
involved, cells with PanlIN-1 may abut adjacent acinar cells. 


Figure 30.47 A. PanliN-2 is characterized by pseudostratified 
nuclei showing focal loss polarity. B. At higher power, the nuclei 
are enlarged, moderately atypical, and overlapping. 


Ductal proliferative lesions with greater degrees of cytoarchitectural 
atypia are considered higher grades of PanIN. Most PanIN-2 lesions 
(previously designated as atypical hyperplasia or moderate dysplasia) 
are micropapillary, but some may be flat; PanlIN-2 shows nuclear 
abnormalities, including early loss of polarity with full-thickness 
pseudostratification as well as nuclear crowding, enlargement, and 
hyperchromasia (Figure 30.47). Mitoses are found rarely and, when 
present, are basal and morphologically normal. The PanlIN-3 lesions 
(previously designated carcinoma in situ or severe dysplasia) 
demonstrate more significant architectural and cytological atypia 
(Figure 30.48). These lesions are usually papillary or micropapillary, 
although rarely they may be flat. Cribriforming, budding off of 
clusters of cells into the lumen, and luminal necrosis may occur. 
Also, the nuclei show complete loss of polarity and are enlarged, 
hyperchromatic, and irregular. The nucleus-to-cytoplasm ratio is 
increased. Nucleoli can be prominent, and mitoses are usually 
identifiable, including atypical forms (155,156). Higher grade PanINs 
contain more of the mutations of invasive carcinomas, including 
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inactivating mutations in p16/CDKN2A (present at the PanlN2 stage), 
SMAD4, TP53, and BRCA2 (all present in PanlIN-3). Also, 
hypermethylation of the ppENK, TSLC1, and p16 genes has been 
demonstrated in PaniNs, the prevelance increasing from PanIN-1 
through PanIN-3 (146,147,148,149,150,151). The proliferation rate, 
as measured by immunohistochemical staining for Ki-67, increases 
with increasing grades of PanIN (157). 


Figure 30.48 A. In PanlIN-3, there is complete loss of polarity, 
with budding of disorganized cellular clusters into the ductal 
lumen. The nuclei are markedly irregular and vary in morphology 
between adjacent cells. Increased mitoses are present. B. In 
another focus, architectural abnormalities include  cribriforming, 
and there is extreme nuclear atypia. 


Multiple grades of PanIN tend to coexist within the same pancreas, 
with gradual transitions from one to the next. All grades of PanINs 
are associated with invasive ductal adenocarcinomas (92,141,142), 
and PanlIN-3 is usually only found in pancreata also harboring an 
invasive ductal adenocarcinoma (141,142), although it can occur in a 
pancreas without invasive carcinoma. Along with the genetic data, 


these observations support the concept that PanINs progress to 
carcinoma, but the frequency and time course of progression is 
unknown. The cells in foci of PaniN produce largely neutral mucins 
and sialomucins; sulfomucins are less abundant than in normal ductal 
cells (55). The histochemical and immunohistochemical profile of the 
mucins in these cells resembles that of the superficial gastric mucosa 
in some cases or of the pyloric glands in others (93,143). Because 
there is little morphologic difference between these two mucin- 
producing cells types, pyloric gland differentiation may not be 
distinguishable from gastric foveolar differentiation by routine 
microscopy. The morphological progression from PanIN-1 to PaniN-3 
is also accompanied by increasingly abnormal expression of tumor- 
associated glycoproteins such as CEA, B72.3, and CA125 (92). 


Up to one-third of pancreata exhibit squamous metaplasia 
(16,133,154). Although squamous metaplasia may occur in the larger 
interlobular and main ducts, it is most common in the intralobular 
and intercalated ducts, and metaplastic cells may extend into the 
center of the acini (Figure 30.49). It is exceptional for squamous 
metaplasia to exhibit keratinization or a granular cell layer, which 
occurs most commonly in the setting of advanced chronic pancreatitis 
(Figure 30.50). For this reason, the terms multilayered metaplasia 
and transitional metaplasia have been suggested for this lesion 
(133). Histologically, the stratified squamous epithelium appears 
immature, with only minimal flattening of the Superficial layers. 
There may be retention of a luminal mucinous cell layer. In the 
smaller ducts and ductules, the metaplastic epithelium may fill the 
lumen, virtually obliterating it. In most instances, squamous 
metaplasia is associated with chronic pancreatitis; there is no known 
preneoplastic significance. 


Figure 30.49 Squamous metaplasia of the ducts. A. There are 
multiple layers of immature-appearing squamous cells without 
keratinization. The process may involve larger ducts. B. In this 
example, there is partial involvement of a small interlobular duct. 


Figure 30.50 Squamous metaplasia of the ducts with 
keratinization, an uncommon. finding. 


Oncocytic changes are common in centroacinar cells, and oncocytic 
metaplasia may affect intercalated and intralobular ducts as well 


(85,158,159). The oncocytic cells have abundant granular 
eosinophilic cytoplasm (reflecting the accumulation of mitochondria), 
and the nuclei may be 
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enlarged and contain prominent nucleoli (Figure 30.51). Involvement 
of clusters of small ductules may occur. Like mucinous and squamous 
metaplasia, oncocytic metaplasia may be associated with chronic 
inflammatory processes, or it may occur in the absence of other 
specific abnormalities (16,160). It has been suggested that oncocytic 
changes in the ducts may be a preneoplastic alteration (161), but 
molecular genetic abnormalities have yet to be identified in this 
lesion. 


Figure 30.51 Oncocytic changes involving small ducts. In this 
example, there is associated fibrosing pancreatitis. 


Goblet cells may be found within the ductal epithelium, especially in 

the main ducts near the ampulla of Vater (1,86). In addition, isolated 
goblet cells may appear in smaller ducts, presumably as a 

metaplastic change (Figure 30.52) (133,138). In contrast to PanIN-1, 
the mucin-containing goblet cells occur singly and are more flask- 


Shaped. Presumably they reflect an intestinal metaplastic phenotype 
rather than the gastric phenotype of PanIN. Replacement of the 
ductal epithelium with mucinous cells having all of the histologic and 
immunohistochemical features of intestinal epithelium has been 
described (161) but appears to be rare. True intestinal-type 
epithelium, with pseudostratified cells having elongate nuclei and 
expressing MUC2 and CDX2 by immunohistochemistry, is commonly 
found in intraductal papillary mucinous neoplasms (162,163), which 
may extend into smaller ducts, but this phenomenon is neoplastic 
and therefore not regarded as intestinal metaplasia of the ducts. 
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Figure 30.52 Goblet cell metaplasia involving a small duct. 
Flask-shaped goblet cells are distinct from the mucinous 
columnar cells of low grade PaniN. 


Figure 30.53 This small interlobular duct shows partial acinar 
metaplasia, with slightly enlarged acinar cells replacing the 
normal cuboidal ductal epithelium. 


Sometimes small ducts may demonstrate partial or complete 
replacement by acinar cells. When this process is very localized, it 
has been referred to as acinar metaplasia. However, larger 
neoplasms composed of cystic spaces lined by benign acinar cells, 
designated as acinar cell cystadenomas, have also been described 
(164), and the distinction of microscopic examples of this neoplasm 
(which represent a significant proportion of the reported cases) from 
acinar metaplasia is somewhat arbitrary. In acinar metaplasia the 
acinar cells occur singly or in clusters within the ducts, and they 
exhibit the same appearance as their normally situated counterparts 
(Figure 30.53). Immunohistochemical labeling for trypsin or 
chymotrypsin facilitates identification of acinar metaplasia, although 
the granular apical cytoplasmic staining of true acinar cells must be 
distinguished from the labeling of deposited intraluminal enzyme 
secretions on the surface of ductal cells (Figure 30.13). 


Another frequent alteration of the ducts is ectasia. Ectatic ducts are 
generally (but not invariably) found in association with chronic 
pancreatitis in older patients (13,16,165), often due to ductal 
obstruction. The ectatic ducts range up to several millimeters in size 
and occasionally are recognizable grossly. Dilatation of the main 
pancreatic duct to more than 4 mm is found in 16% of patients at 
autopsy (13). Because ectatic ducts are often tortuous and the 
dilatation may be localized, they may appear as single or multiple 
small cysts (retention cysts) in cross section (Figure 30.54A). Careful 
study of serial sections shows the 
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continuity with the ductal system. Retention cysts are usually grossly 
evident and may reach several centimeters in diameter. The lining 
epithelium may harbor PanlIN, usually PanlIN-1 but sometimes higher 
grade lesions as well (Figure 30.54B). Retention cysts with PanIN 
may be difficult to distinguish from intraductal papillary mucinous 
neoplasms (IPMNs) (166,167,168,169,170), and attempts have been 
made to reach a consensus on diagnostic criteria (156). In general, 
multicystic lesions with micropapillae or true papillae are regarded as 
IPMNs, whereas solitary cysts with flat epithelium represent retention 
cysts with PanIN. 


Figure 30.54 Duct ectasia. The dilated ducts may be lined by a 


flattened cuboidal epithelium resembling normal ductal 
epithelium (A), or there may be involvement by PanIN (B). In 
the latter circumstance, the lesion merges morphologically with 
intraductal  papillary-mucinous neoplasm. 


Islet Cells 


Islet hyperplasia is defined as an absolute increase in the size or 
number of islets relative to the normal islet volume at a given age. 
Individual compact islets larger than 250 Aum in diameter are 
regarded to be hyperplastic (171). However, making an assessment 
that there is an increase in the total volume of islet tissue in the 
pancreas is difficult. There are a number of conditions, most 
associated with pancreatic atrophy, that can result in the appearance 
of increased numbers of islets when in fact the islet volume is not 
increased but rather the volume of exocrine elements has decreased 
(see below). Plus, the density of islets varies in different regions of 
the pancreas. Thus, some objective assessment of islet volume must 
be made for a diagnosis of islet hyperplasia, rather than just a casual 
observation of a€cenumerousa€e islets. Conditions associated with 
islet hyperplasia in infancy include Beckwith-Wiedemann syndrome, 
maternal diabetes, erythroblastosis fetalis, and hyperinsulinemic 
hypoglycemia (55); cases have also been described in adults with 
hyperinsulinism (172). Islet hyperplasia may occur either by 
proliferation of islet cells or by neoformation of islet cells from 
uncommitted progenitors (42). The distribution of the different 
peptide cell types is usually maintained, although there may be a 
relative increase in the number of {2 cells, some of which may show 
hypertrophy. 


Nesidioblastosis is a descriptor of the morphologic findings 
accompanying functional disorders of i? cells associated with 
hyperinsulinemic hypoglycemia in the absence of an insulinoma 
(173,174,175,176). This condition generally occurs in neonates and 


infants, where it is known as persistent neonatal hyperinsulinemic 
hypoglycemia (PNHH); a similar condition occurs rarely in adults. 
Morphologic abnormalities include hypertrophic i? cells within the 
islets; close association of islet cells with small pancreatic ducts 
(ductuloinsular complexes), particularly in neonates; and abnormal 
aggregation of islets. Both focal and diffuse types are described 
(173). In focal nesidioblastosis, there is a localized nodular lesion 
that may resemble an insulinoma, but more often there is simply an 
aggregate of ill-formed isletlike clusters associated with small 
ductules (Figure 30.55). 
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Some of the nuclei within the lesion are enlarged. The islets in the 
remaining pancreas are normal. The diffuse form of nesidioblastosis 
shows islet abnormalities throughout the gland without discrete 
localized aggregation of islets. The principal finding is the presence 
of enlarged, hyperchromatic Î2-cell nuclei. The size of nuclei in [2 
cells varies somewhat in normal neonates; but, in nesidioblastosis, 
there is a 40% increase in nuclear volume compared with age- 
matched controls. By immunohistochemistry, the islets in both focal 
and diffuse types of nesidioblastosis retain their normal complements 
of peptide cell types. Genetically, PNHH is associated with a number 
of different mutations in genes such as ABCC8 and KCNJ11 that 
encode the ATP-sensitive potassium channel (Katp) in the cell 
membrane of [2 cells, demonstrating that this disorder clearly has a 
functional basis and does not simply reflect an increase in Î?-cell 
mass (177,178,179,180). 


Figure 30.55 The pancreas from an infant with persistent 
neonatal hyperinsulinemic hypoglycemia shows the focal form of 
nesidioblastosis. There is localized aggregation of islets 
separated by thin bands of acini. 


The apparent increase in number of islets that occurs secondary to 
exocrine atrophy has been termed islet aggregation and is not a 
result of hyperplasia. With the progressive atrophy that occurs in 
chronic pancreatitis, eventually most of the acini and many of the 
ducts disappear, leaving only residual islets embedded in fibrous or 
adipose tissue (Figure 30.56) (140). This phenomenon may be 
widespread in patients with significant chronic pancreatitis, or it may 
only involve one lobule of the gland. In addition to the clustering of 
islets, some degree of islet cell proliferation may occur (181); 
however, islet aggregation should be distinguished from true islet 
cell hyperplasia. The clustering of islets in regions of severe atrophy 
may resemble a solid tumorlike process with a nesting pattern, 
reminiscent of a pancreatic endocrine neoplasm (Figure 30.57). 
Individual islets may be found in the peripancreatic adipose tissue. 
The appearance of infiltrative growth is even more marked when the 
process involves the regions of the head of the pancreas containing 


the diffuse islets; these islets lack the insular arrangement of the 
compact islets from the tail, appearing as small clusters, trabeculae, 
and individual cells when the exocrine elements undergo atrophy 
(Figure 30.58). In contrast to most pancreatic endocrine neoplasms, 
the border of foci of islet aggregation is ill defined. The surrounding 
pancreas often exhibits areas of pancreatitis that are less advanced, 
with incomplete acinar atrophy. In problematic cases, 
immunohistochemical labeling for the specific peptides may be 
helpful. In islet aggregation, the normal peptide cell types are 
present, in roughly normal numbers and distribution, although the 
relative proportions of {+ and PP cells may be increased (106,181). 
Although more than one peptide may be expressed in endocrine 
neoplasms, 
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it is exceptional for all of the normal peptides to be found in normal 
numbers, and there may be expression of peptides not found in 
normal islets (vasoactive intestinal polypeptide or gastrin). Bear in 
mind that the diffuse islets have a different normal peptide cell 
constitution (abundance of PP cells) from that of the compact islets 
(Figure 30.59). Another pseudoneoplastic property of islet cells in 
chronic pancreatitis is perineural invasion (Figure 30.60). Small 
clusters of islet cells may surround nerves, simulating the perineural 
invasion that is so common in pancreatic ductal adenocarcinoma. 
Fortunately, benign glands only exceptionally rarely exhibit 
perineural invasion. Immunohistochemical labeling for chromogranin 
may be used to distinguish benign perineural invasion by islet cells 
from adenocarcinoma. 


Figure 30.56 Islet aggregation involving compact islets. With 
extreme atrophy, there is complete loss of exocrine elements, 
leaving the clustered islets embedded in fibrous stroma. 


Figure 30.57 When advanced atrophy of exocrine elements 
occurs, aggregation of the remaining endocrine elements may 
simulate a neoplasm. The nests of cells may be poorly 


circumscribed and separated by bands of fibrous tissue, with 
extension into peripancreatic adipose tissue. 


Figure 30.58 Exocrine atrophy in areas containing diffuse-type 
islets results in a pseudoinfiltrative pattern of individual cells and 
trabeculae. 


Ph ate OAT 
St ee 
pm, 


a OE S 
Pe E A 


ki 
~ 
y$ 


. me, 
ant 
ee 
i= 
ge 2 
g 


ENS 


nbr 


ay: 


Figure 30.59 Immunohistochemistry may be helpful for 
distinguishing foci of islet aggregation from an endocrine 
neoplasm. In this focus (A) with a trabecular and infiltrative 
pattern, there is an abundance of PP cells (B) and Î? cells (C), 
with smaller numbers of [+ (D) and {’ (E) cells, a composition 
typical of nonneoplastic diffuse type islets. 


The appearance of dilated blood-filled spaces within the islets (Figure 
30.61) has been referred to as peliosis insulis. Although reported in 


a pancreas from a patient with 
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multiple endocrine neoplasia-l (MEN-I) and harboring multiple 
pancreatic endocrine neoplasms (182), peliosis insulis usually occurs 
in otherwise normal pancreata. It is of unclear etiology and 
significance. The blood-filled spaces are not observed to be lined by 
endothelium ultrastructurally. 


Figure 30.60 Perineural invasion by islet cells in chronic 
pancreatitis may simulate carcinoma. 


Perivascular deposition of amyloid or amyloid-like material may be 
seen in islets of older individuals (Figure 30.62), especially in 
association with nona€“insulin-dependent (type II) diabetes mellitus 
(183). Insular amyloid is biochemically different from systemic 
amyloid, and there is no association between insular amyloidosis and 
systemic amyloidosis. In insular amyloidosis, the hyalinized stroma is 
limited to the islets. In patients with generalized fibrosis of the 
pancreatic parenchyma due to chronic pancreatitis or other causes, 
the islets also may be involved (insular fibrosis); however, the 
hyalinized stroma in these cases has no ultrastructural features of 


amyloid (183). 


Figure 30.61 The appearance of dilated, blood-filled spaces 
within the islets has been called peliosis insulis. It is probably of 
no clinical significance. 


Figure 30.62 Amyloid-like hyalinization of the perivascular 


tissue may be seen in the islets, especially in older patients with 
type II diabetes. The surrounding acinar tissue is not fibrotic. 


Chronic Pancreatitis, Atrophy, and 
Fibrosis 


Several different types of chronic pancreatitis exist, with etiologies 
including chronic alcoholism, ductal obstruction, autoimmune 
disorders, malnutrition, and genetic predisposition 
(184,185,186,187,188,189,190). Although the distribution of the 
disease within the pancreas varies with the different types, the 
histologic features of most types (except for autoimmune 
pancreatitis) are similar, especially at the end stages when fibrosis 
and atrophy are prominent (16). In fact, microscopic foci of fibrosis 
and atrophy (histologic chronic pancreatitis) are common incidental 
findings in pancreatic resection specimens or at autopsy, and the 
pathologic findings often reported as a€cefocal chronic 
pancreatitisa€* are only loosely related to the clinical disease of 
chronic pancreatitis. 


When chronic pancreatitis is localized, it may mimic pancreatic 
carcinoma clinically, radiographically, and grossly, and the resultant 
histological patterns also frequently simulate neoplasia. Early in the 
process, the fibrosis is largely around the periphery of the lobules, 
there is minimal acinar atrophy, and chronic inflammatory cells are 
evident (Figure 30.63A). The glands may be enlarged. However, as 
chronic pancreatitis progresses, the fibrosis involves the entire 
lobule, with marked distortion of the architecture. There is 
progressive exocrine atrophy, with eventual complete loss of acinar 
elements. The ducts become ectatic and irregularly shaped (Figure 
30.63B). Ultimately, even the ducts are lost, leaving only the islets. 
In experimental pancreatitis induced by duct ligation, acinar atrophy 
occurs by necrosis and apoptosis (191,192), resulting in closely 


packed lobules of ductular structures. Small ductules and islets 
remaining after acinar atrophy become encircled and distorted by the 
fibrous tissue (Figure 30.63C), 
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often acquiring a _pseudoinfiltrative appearance. Ductuloinsular 
complexes may be found (Figure 30.64). As the gland is replaced by 
fibrous tissue, it decreases in size and acquires a woody consistency. 
Inflammatory cells are sparse at this stage and may be aggregated 
around small nerves (133). Duct ectasia, calcification, and 
intraductal calculi may occur (193), especially in pancreatitis of 
alcoholic etiology. The ducts may show PaniN, although the presence 
of intraepithelial neoplasia is not necessarily related to the chronic 
pancreatitis (142); and, other than the congenital type, chronic 
pancreatitis per se is only associated with a small increased risk for 
pancreatic cancer (194). It is possible that the chronic pancreatitis 
commonly accompanying ductal adenocarcinoma is secondary to 
ductal obstruction by the tumor rather than representing a 
preexisting | condition. 


Figure 30.63 Progressive changes in chronic pancreatitis. A. In 
the early stages, the fibrosis is largely limited to the periductal 
and septal areas of the gland. The lobules show prominence of 
ductules. There are scattered aggregates of chronic inflammatory 
cells. B. As the pancreatitis progresses, the amount of fibrosis is 
increased, entrapping small lobules of residual acinar tissue. The 
ducts are ectatic. C. In the terminal stages, most of the acinar 
tissue is atrophic, leaving lobular aggregates of small ductules 
and islets within a fibrotic and fatty stroma. 


Figure 30.64 A ductuloinsular complex in an adult with mild 
chronic pancreatitis. Small ductules are surrounded by nests of 
endocrine cells, a finding that does not necessarily reflect true 
islet cell hyperplasia. 


The distinction of chronic pancreatitis from infiltrating ductal 
adenocarcinoma on the basis of biopsies can be very challenging. The 
distorted ducts and ductules in areas of fibrosis closely resemble the 
pattern of ductal adenocarcinoma, and the fibrotic stroma may 
simulate the desmoplastic stroma often accompanying carcinoma. 
Features that support the interpretation of chronic pancreatitis 
include a retention of the lobular arrangement of the small 
collections of ductules, normal location of the glands, and uniformity 
of nuclear morphology from one cell to the next (Figures 
30.65Aa€“C). Features that conversely favor the diagnosis of 
carcinoma include haphazardly arranged individual angulated glands 
infiltrating the 
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stroma, glands in abnormal locations [adjacent to muscular arteries 
(122), in the perineurium, within vessels, or immediately apposed to 


adipocytes], significant cytological abnormalities (variation in shape 
and size of nuclei from one cell to the next, macronucleoli, loss of 
nuclear polarity), and individual cells or small cell clusters in the 
stroma (Figures 30.65Da€“F, 30.66). It is helpful when two 
cytologically distinct populations of cells are found in the biopsy, 
since some of nuclear features of well-differentiated carcinomas are 
very subtle unless compared with a second population of clearly 
benign glands. Unfortunately, biopsy samples of the pancreas are 
frequently small, and it is uncommon for all of the characteristic 
features to be present. Even if carcinoma is present, it may only be 
represented by two or three glands. Furthermore, needle biopsy 
Samples are sometimes subjected to frozen section examination, 
which may introduce artifacts complicating the interpretation. Even 
for the experienced observer, there may be cases having rare 
atypical glands that cannot be confidently diagnosed as benign or 
malignant. Performance of serial sections sometimes reveals 
additional diagnostic features. Immunohistochemistry also can be 
useful to document some of the abnormalities characteristic of 
carcinoma. Most benign glands do not express CEA, B72.3, CA125, or 
p53 at immunohistochemically detectable levels (92), and they will 
all show normal intact labeling for the Dpc4 protein. By contrast, 
most pancreatic cancers express CEA, 75% label for B72.3, 50 to 
75% for p53, 45% for CA125, and 55% show complete loss of Dpc4 
expression (Figure 30.67) (195). Expression of mesothelin also 
supports a diagnosis of carcinoma (196). 


> 


Figure 30.65 Comparison of ductules in atrophic chronic 
pancreatitis with well-differentiated ductal adenocarcinoma. A. In 
chronic pancreatitis, there is preservation of the lobular 
arrangement of small ductules, with larger branching ductules 
surrounded by collections of smaller tubular glands. Some 
residual islets of Langerhans are also present. B. At higher 
power, the cells are generally uniform, with round nuclei having 
a similar cytologic appearance from cell to cell. C. In areas 
showing mucinous metaplasia, there may not be as obvious a 
lobular arrangement. However, the glands retain a benign 


cytologic appearance and have uniformly basally oriented nuclei. 
D. In infiltrating adenocarcinoma, the lobular arrangement of the 
glands is lost. There is a haphazard configuration of angulated 
glands within a desmoplastic stroma. E. In some instances, there 
may not be significant stromal desmoplasia, and the glands may 
retain rounded contours. However, there is variability in cytologic 
appearance from one cell to the next, with occasional 
macronucleoli, loss of polarity, and mitotic figures. F. Some 
individual glands of infiltrating carcinoma may be almost 
impossible to distinguish from benign ductules. This remarkably 
well-differentiated gland (lower right) contrasts with an adjacent 
gland showing marked loss of nuclear polarity. The abnormal 
location of the gland adjacent to a muscular artery is another 
clue that it is malignant. 


Figure 30.66 It is helpful to identify two populations of cells in 
specimens harboring an infiltrating adenocarcinoma. In this 
example, a lobular collection of benign ductules contrasts with 
irregularly shaped glands of adenocarcinoma. 


Atrophy of pancreatic parenchyma due to long-standing ductal 
obstruction is often associated with infiltration by adipose tissue. 
Only rare islets may be found between lobules of fat in extreme 
cases (Figure 30.68). A primary form of fatty infiltration is 
Shwachman syndrome, an extremely rare autosomal recessive 
syndrome affecting the pancreas, bone marrow, and skeleton (197). 
An enlarged gland may result, but the amount of parenchymal tissue 
is reduced and exocrine insufficiency is present (16). The term 
lipomatosis has been applied to pancreata containing more than 25% 
adipose tissue (Figure 30.69). The distribution of the adipose tissue 
is generally not uniform. Lipomatosis is usually associated with 
parenchymal atrophy and is more common in older individuals (13). 
Other associations include adult-onset diabetes and generalized 
atherosclerosis, conditions that are also more prevalent in the 
elderly. Pancreatic lipomatosis is not associated with generalized 
Obesity (13). 


Figure 30.67 I|mmunohistochemisty for Dpc4 shows both nuclear 
and cytoplasmic labeling in normal acini and ducts, whereas the 
invasive carcinoma has complete absence of labeling. 


Figure 30.68 With extreme atrophy, the residual islets of 
Langerhans may be completely surrounded by adipose tissue. 


Figure 30.69 In pancreatic lipomatosis, adipose tissue 
comprises more than 25% of the volume of the gland. As in this 
case, the remaining parenchyma may not necessarily show 


changes of atrophic chronic pancreatitis. 
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Lymph Nodes 
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Chris J.L.M. Meijer 


Introduction 


The lymph nodes are an integral part of the immune system, a 
complex system whose job is to adequately deal with foreign 
substances (1). a€ceDealing witha€* here is taken in the broadest 
sense: it can mean either ignoring an antigen entirely (i.e., 
tolerance) or mounting a destructive reaction to the antigen, 
clearing it from the system. In certain areas of the body, an 
effective elimination is, of course, vitally important. This is 
certainly true for lymph nodes in areas where antigens serve no 
purpose and are therefore best eliminated. In contrast, in areas 
such as the gastrointestinal tract, reactivity against food antigens 
is not always advantageous, and tolerance is often the better 
response. As lymph nodes deal with antigens, their histology 
reflects the (re)activity of the immune system; the nature of the 
antigen determines whether a reaction will be mounted against it 
but also determines what effector cells will be employed. This will 
be reflected in the morphology of the lymph nodes, as will be 
discussed later. 


As the entire body is continually confronted with antigens, lymph 


nodes are required throughout the body and are concentrated in 
areas draining organs with environmental contact. The skin has 
numerous draining lymph nodes, partly grouped in areas where 
lymphatics converge, such as the axillary, cervical, and inguinal 
regions. The gastrointestinal tract and the airways have small 
collections of lymphoid cells in their mucosal surfaces (the so- 
called mucosa-associated lymphoid tissue, or MALT), as well as 
draining lymph nodes in the mesenteric or the mediastinal 
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and hilar regions (2,3,4,5). Drainage from extra-abdominal areas 
is through the para-iliac and para-aortic nodes. All these systems 
converge on a single lymphatic channel, the thoracic duct, which 
returns the lymphatic fluid to the bloodstream. The only organ 
where no lymphatics are found is the brain, which drains its 
extracellular fluid via the cerebrospinal fluid or the extra- 
parenchymatous Virchow-Robin space. 


Under antigenic pressure, lymph nodes can become apparent in 
areas where they are usually not found. Whether this appearance 
is actually an enlargement of very small lymph nodes already 
present or de novo formation of a lymph node is uncertain. 


Embryology/ Developmental Changes 


Relatively little is known about the embryonic development of 
lymph nodes. They seem to arise from the lymphatic sacs, which in 
turn develop from the venous system. From the sacs, a lymphatic 
plexus forms; and, as early as the first trimester, small collections 
of lymphoblasts can be found in association with this plexus (6). In 
the second trimester, differentiation into cortex and medulla 
begins to take place, gradually forming the familiar 
compartmentalized structure of the lymph node parenchyma. This 
process is probably also under the influence of nonlymphoid cells 
(such as macrophages and interdigitating dendritic cells) and 
mesenchymally derived cells (such as follicular dendritic cells and, 


perhaps, fibroblastic reticulum cells). After the 
compartmentalization of the lymph node is completed, no other 
changes take place except those that follow antigenic challenge. 


Gross’ Features 


Reactive lymph nodes are mostly small structures, round or 
reniform in shape. When clinically detectable, they are usually 
enlarged due to some degree of stimulation. Normally, they do not 
exceed a diameter of 1 cm, although during immune reactions they 
can become considerably larger. A diameter of more than 3 cm, 
however, is unusual (though not unheard of) in benign lymph 
nodes and should raise the suspicion of malignancy. The cut 
surface of a lymph node is a pink-brown in color and homogenous. 
A white (â€œfish meata€* ) aspect or distinct nodularity is 
suspicious for maligancy (lymphoma). In lymph node dissection 
specimens, the lymph nodes often consist of small rims of 
parenchyma enclosing fatty tissue. They can be difficult for 
pathologists to spot grossly; but, in those cases, their resistance 
to the palpating finger gives them away. 


Anatomy 


Blood Supply 


Arterioles enter the lymph node through the hilus, branch, and 
then rapidly form a plexus of capillaries in the parenchyma. Subtle 
differences exist at the level of the basement membrane between 
the capillaries in the follicles and those in the paracortex. Laminin- 
5 is found exclusively in the basement membranes of the follicular 
compartment (7). It is also very likely that, at the level of the 
endothelial cells, differences in expression of surface markers 
(such as chemokine receptors) also exist, though these have not 
yet been formally demonstrated. Such differences likely play a role 
in the positioning of lymphocytes in the differing nodal 


compartments. 


Venous drainage channels accompany the arterioles. The 
postcapillary venules in the lymph nodes are special, as they are 
the main route for the entrance of lymphocytes homing to the 
lymph nodes. They will be discussed in more detail later. 


Lymphatics 

The lymph node is positioned in the lymphatic system. The 
afferent lymphatics enter the lymph node through the capsule, 
draining into the subcapsular sinus. This sinus is lined by 
endothelial cells, but the system of branching sinuses arising from 
it no longer has an endothelial lining. Further discussion of the 
different cell types in the sinuses follows below. 


Light Microscopy: The Different 
Compartments, Histology, and Function 


Examination of a sectioned lymph node at low power reveals more 
or less clearly defined areas or compartments (Figure 31.1A); 
most obvious are the follicles, generally rounded structures with 
pale centers and a dark rim. The centers often show a mottled 
appearance. The follicles are mainly present in the cortical area 
(i.e., the outer area of the lymph node just below the capsule). 
Occasionally follicles are found in the deeper regions. Between the 
follicles and extending to the deeper parenchyma is an ill-defined 
area, the paracortex or paracortical area, recognizable by its 
rather pronounced vessels, the epithelioid or high endothelial 
venules, the specialized postcapillary venules mentioned earlier. 
On occasion, this area shows a mottling not unlike that of the 
follicles (Figure 31.1B). In the medullary region of the lymph 
node, if present in the specimen, low power shows dark areas 
separated by lighter staining ones, often in a somewhat reticular 
pattern. The dark areas are the 
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medullary cords, where plasma cells and, with appropriate stains, 
mast cells are found. The lighter areas between these sheets of 
dark-staining small lymphocytes are the sinuses, filled with 
histiocytes whose ample pale cytoplasm imparts the lighter 
coloration to this region. The sinuses run through the entire 
parenchyma but are especially visible in the medullary zone and 
directly beneath the capsule. 


Figure 31.1 A. Low-power view of lymph node (periodic acid- 
Schiff stained, paraffin-embedded section). This 
a€cesmilinga€* picture illustrates the four different 
compartments of the lymph node. In the upper corners and in 
the middle of the bottom (the a€ceeyes and moutha€e ) the 
follicles (F) are seen. The paracortical area (P) here is fairly 
small; usually there is more paracortex present. The less 
Sharply defined sections where light and dark areas are 
juxtaposed represent the medullary cords (M, dark) and 
sinuses (S, light). B. Low-power view of another lymph node 
(H&E; paraffin-embedded section). In the upper right there is 
a follicle (F) recognizable. The rest of the picture shows 
paracortical area, with considerable influx of macrophages and 
interdigitating dendritic cells. In the center the typical mottling 
of the paracortex is seen (*). 


These different areas can be easily recognized on low-power 
microscopy (Figure 31.1A), but it must be stressed that their 
representation varies greatly in different specimens and not rarely, 
for instance, the medullary cords are not found. 


As humans are in constant contact with antigens, a lymph node is 
virtually always stimulated to some degree, and the increase in 
one area caused by this stimulation will often be at the cost of the 
volume of the other compartments (Figure 31.2). Such = stimulation 
will not only increase the size of one compartment (and decrease 
the size of the others), but it will also cause a shift in the cellular 
composition. This usually means an increase in the proliferative 
fraction of each compartment, the blast cells (8). This adaptability 
to the constantly changing antigenic challenges explains the 
variety in a€cenormala€* lymph node histology: almost all lymph 
nodes that come under the microscope are stimulated to some 
degree. Each of the four different compartments, follicle, 
medullary cords, paracortical area, and sinuses, is discussed 


separately. 


Figure 31.2 Schematic representation of the lymph node with 
enlargement of the four different compartments, respectively 
the follicular (A), the paracortical (B), the medullary (D) and 
the sinusoidal (E) compartments. C represents an unstimulated 


lymph _ node. 


The Follicle 


Distinction must be made between primary and secondary follicles. 
Primary follicles are aggregates of small, dark-staining lymphoid 


cells. In these primary follicles, a germinal center can develop, 
turning them into secondary follicles. Thus, the mantle zone 
around the follicle center has the same characteristics as the 
original primary follicle. The outer portion of the mantle zone is 
somewhat less densely packed than the inner layer. This outer rim 
is sometimes called the marginal zone (9), largely based on a very 
loose resemblance to the splenic marginal zone and on the fact 
that marginal zone lymphomas tend to localize perifollicularly. 
However, if the marginal zone exists in the lymph node, it is 
difficult to distinguish except when it is expanded in benign or 
lymphomatous proliferations (10). 


In the follicle center, an immunologic reaction takes place that is 
called, after its location, the follicle center cell reaction. It 
requires the cooperation of follicular dendritic cells (FDCs), 
lymphoid cells, and tingible body macrophages (Figure 31.3Ada€“B). 
The function of the reaction is the generation of B cells that have 
been affinity-selected against an antigen (i.e., that produce an 
antibody with the best possible fit to the antigen) and that can 
function either as a direct precursor for antibody-producing plasma 
cells or as (long-term) memory cells. 


Follicular Dendritic Cells 


Follicular dendritic cells (FDCs; previously called dendritic 
reticulum cells) trap antigens on their surface and present them to 
B cells (11,12). Because these cells can retain antigen on their 
surfaces, it was postulated they provide a long-lasting reaction to 
that antigen, which may be important for immune memory (13); 
however, this is controversial, and other functions have been 
proposed (14). Follicular dendritic cells are difficult to recognize in 
light microscopic sections; they were first described by electron 
microscopy and later by enzyme and immunohistochemistry 
(Figure 31.3C) (12,15,16,17). They have a large but inconspicuous 
nucleus with very fine, almost vesicular chromatin and a small 


nucleolus. Not infrequently, they are or appear binucleated, with 
the nuclei pressed together. The cytoplasm is largely invisible with 
the light microscope; but, in ultrathin sections and with 
immunohistochemistry, they appear to have many long and 
slender cytoplasmic protrusions. These are linked to the 
protrusions of other FDCs via (hemi)desmosomes, thus forming a 
round network with a fingerprint-like configuration. In this way, 
they are responsible for the shape of the follicle. Their origin is 
still a matter of debate; a derivation 


from the mononuclear phagocyte system was proposed (18), as 
was an origin from the perivascular mesenchyme (19), possibly via 
a circulating mesenchymal stem cell (20). 
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Other elements are tingible body macrophage (T) and blastic 
(C) and small (c) lymphoid cells. C. Frozen section stained 
with a CD35 antibody against the C3b-receptor on FDCs. Note 
the somewhat fingerprint-like pattern of the FDC lattice. D. 
Frozen section stained for IgD. The mantle cells are positive; 
the cells in the center are not. 


Lymphoid Cells 


The lymphoid cells of the primary follicle and the mantle zone have 
small, slightly irregular nuclei, with condensed, dark-staining 
chromatin. They have scanty cytoplasm and, consequently, are 
packed closely together. The outer rim of the mantle zone, the 
marginal zone equivalent of the lymph node, houses cells that are 
Slightly bigger and less densely packed, but they have the same 
dark nuclei (9). All of these cells are B cells, staining with 
antibodies to CD20, 22, and 24. They also express IgM on their 
surface, and the mantle zone cells proper also express IgD 
simultaneously (Figure 31.3D) (17,21,22,23). In the germinal 
center, distinctive B cells can be found: 


e Blast cells with large vesicular nuclei and several small but 
distinct nucleoli, often located at the nuclear membrane. When 
they are round, they have a small rim of basophilic cytoplasm, 
especially well-appreciated in cytologic preparations. These are 
the proliferative cells of the follicle; where they predominate, 
mitotic figures are easily found. Also, because of their 
basophilic cytoplasm, areas where they are in the majority 
appear dark (the dark zone of the follicle). 


After the blast phase of proliferation, the cells gradually 
become smaller and get more irregular nuclei. As they get 
smaller, they lose their nucleoli and the chromatin condenses. 
This leads to cells that are almost indistinguishable from the 


mantle cells; small, irregular cells with dark-staining nuclei 
and virtually invisible cytoplasm. These cells are less densely 
packed, and the areas where they predominate (the light 
zones) appear a little lighter than the dark zones. Naturally, 
cells in transition between large round to small irregular are 
frequent, giving rise to a particularly polymorphic cellular 
picture, with a mixture of cells that are large, medium-sized, 
or small, round or irregular and with vesicular or condensed 
chromatin. 


e A smaller portion of the cells are medium-sized to large, with a 
finely dispersed chromatin and inconspicuous nucleoli and 
scanty but intensely basophilic cytoplasm (lymphoblasts). 


e Other lymphoid cells include occasional plasma cells and 
a€oeimmunoblastsa€* (i.e., very large blastic cells with big 
vesicular nuclei and single centrally placed nucleoli) and small, 
dark-staining lymphocytes (a little smaller than the small 
follicle center cells themselves), probably representing T 
lymphocytes. The number of these various cells varies 
considerably. On occasion, plasma cells can be quite 
numerous; also, T lymphocytes can outnumber the B 
lymphocytes in the follicle. 


As follicle center cells are B cells, too, they react with the same 
markers as mentioned for the mantle and marginal zone cells (with 
the exception of IgD). In addition, they are mostly positive for the 
markers CD10 and Bcl-6, considered markers of follicle center 
cells (23). 


Tingible-Body Macrophages 


Tingible-body macrophages (TBMs) are large cells with abundant, 
pale cytoplasm. The cytoplasm contains phagocytized debris and 
apoptotic bodies from surrounding lymphocytes that have died in 
the selection process that takes place in the follicle (see Function 


section, below). Tingible-body macrophages have large nuclei, 
with finely dispersed chromatin. Because their nuclear size is fairly 
constant, they can be used as an internal a€oeyardsticka€* to 
compare to the nuclear size of the surrounding lymphocytes, 
especially in lymphomas (nuclei as big or bigger than a TBM 
nucleus means a large-cell lymphoma). The cytoplasm of TBMs is 
often very clear, and therefore their presence causes clear/white 
spots in the tissue, a mottling colorfully described as the 
a€oestarry skya€* pattern. It should be noted that this highly 
characteristic feature, often used to distinguish between benign 
and malignant, is in fact a fixation artifact. In some fixatives, such 
as sublimate-formaldehyde or B5, this starry sky pattern is not 
seen! 


Variations of the Follicular Pattern 


From the above information, a characteristic pattern for the 
morphology of the follicle emerges: a more or less round or oval 
area, with a dark outer edge (the mantle zone) and a lighter 
center, that shows mottling and, upon closer inspection, a very 
polymorphic cytologic picture and many mitotic figures. Sometimes 
zonation is seen, with the dark zone directed inwards, the light 
zone directed more to the capsule of the node. As it is very 
dependent on how the follicle is cut in the section, this zonation is 
often not seen (15,24). 


Variations occur in the shape of the follicles and in their 
composition. An important cause for variation is time: the pattern 
described above takes time to evolve. In the beginning, the follicle 
consists largely of blasts, with smaller follicle center cells 
appearing as the follicle center cell reaction runs its course (24). 


In reactive conditions, follicles can become very large and 
coalesce; HIV lymphadenopathy is a good example of this 
phenomenon (25,26,27) (Figure 31.4). Their composition can also 
vary somewhat. Changes that occur with malignancy are discussed 


later. With involution, the follicle can become hyalinized and 
atrophic, or it can be overrun by T lymphocytes, a phenomenon 
known as progressive transformation of the germinal center 
(15,28). 
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This can make the follicle difficult to recognize. It is only by their 
remnant round shape (and by special stains for FDCs) that they 
may be recognized as follicles. Fortunately, this somewhat 
alarming-appearing feature usually involves only a few follicles at 
the same time, so the presence of nearby normal follicles is 
reassuring. 


Figure 31.4 HIV-induced follicular hyperplasia. A. Very large 
and irregularly shaped follicles dominate the picture (H&E; 
paraffin-embedded section). B. Two follicles are seen, with 
ragged borders showing beginning follicular disintegration 


(CD20 stain). 


The Medullary Cords 


The medullary cords are found in the hilar region of the lymph 
node, between the sinuses. The cellular composition of this 
compartment is described next (Figure 31.5). 


Lymphoid Cells 


Small lymphocytes make up the majority of cells in the medullary 
cords. They have small, more or less round nuclei and a scant-to- 
moderate amount of cytoplasm. In some cells, the chromatin is 
clumped and peripherally distributed in the nucleus, similar to the 
plasma cell nucleus, though the typical a€ceclock facea€e 
chromatin of a mature plasma cell is not seen. Cells with this kind 
of chromatin tend to have more cytoplasm and sometimes even a 
perinuclear hof, clearly indicative of plasmacytoid differentiation. 
These are called lymphoplasmacytoid or lymphoplasmacytic cells. 
Immunologically, the cells can be identified with CD20 and, even 
better with CD79a, general B cell markers. Staining for 
immunoglobulins can sometimes show cytoplasmic IgM and light 
chains. Many of the cells with less cytoplasm and irregular nuclei 
are T lymphocytes (CD2-, 3-, 5-, and 7-positive), necessary to 
modulate or drive the process of antibody formation that takes 
place in the medullary cords. The blast cells of this process, the 
immunoblasts, are striking, though infrequent. They have large 
vesicular nuclei with a large, centrally located nucleolus and 
abundant basophilic 
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cytoplasm. Plasma cells are also present but in varying number. 
They are distinctive cells, with their small round nuclei having a 
a€ceclock facea€* chromatin pattern due to small clumps of dark 


chromatin at the nuclear membrane, like the numbers on a dial. 
The nucleus is eccentrically located in the cytoplasm, with a 
perinuclear hof or small zone of cytoplasmic clearing. The outer 
rim of the cytoplasm is deeply basophilic. Under some conditions, 
plasma cells accumulate immunoglobulins in their cytoplasm, 
forming so-called Russell bodies, globular structures that stain 
positive with PAS and that can indent the nucleus if they reach 
sufficient size. Plasma cells are CD20-negative but retain their 
CD79a expression and are, of course, positive for cytoplasmic 
immunoglobulins. Plasma cells will also (paradoxically) label for 
epithelial membrane antigen (EMA). 


Figure 31.5 Medullary cords. A. The sheets and ribbons of 
dark-staining cells are the medullary cords, containing small 
lymphocytes and plasma cells; they are separated by the 
lighter staining areas, the sinuses (S) (H&E; paraffin- 


embedded section). B. Schematic representation, also 
depicting an immunoblast (I) and a mast cell (M). 


Macrophages 


Macrophages are fairly scarce in the medullary cords. They have 
medium-sized to large irregular nuclei and abundant cytoplasm. 
They are not as avidly phagocytic as the TBMs from the follicle 
center, perhaps because they are differentiated more toward 
antigen-handling and presentation then for phagocytosis. 


Other Cell Types 


T lymphocytes were already mentioned. The mast cell is the other 
cell type that can be founda€”especially in the medullary cords, 
where they can be easily demonstrated with a metachromatic dye 
such as a Giemsa stain. Their characteristic purple granulation 
permits easy recognition. The granules generally obscure the 
nucleus. 


The Paracortex 


The paracortex, or paracortical area, was the last compartment to 
be described and named (29), probably because its boundaries are 
indistinct and the area best appreciated in less commonly used 
fixatives, such as Zenker's or sublimate-formaldehyde. 
Nevertheless, it has some typical structural elements that allow 
easy recognitiona€”the epithelioid venules and the interdigitating 
dendritic cell (IDC) (Figure 31.6). 
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Figure 31.6 The paracortex. A. An epithelioid venule is seen 


(arrow); 


small lymphocytes dominate the picture, with an 


interdigitating dendritic cells (IDCs), 


blast present; 


occasional 


grooved, and pale nuclei are 


with their markedly irregular, 


scattered throughout the area (arrowheads) (H&E; paraffin- 


embedded 


Note the 


section). B. Schematic representation. 


typical IDC. C. This section demonstrates an increase in IDCs, 
characteristically displaying their irregular pale nuclei and 
abundant cytoplasm (lymph node with dermatopathic 
lymphadenopathy) (Giemsa; plastic- embedded section). 


Epithelioid (Postcapillary or High 
Endothelial) Venules 


These highly distinct vessels are found only in the paracortex; 
they are lined with plump cuboidal or even cylindrical endothelial 
cells with fairly large oval nuclei, with vesicular chromatin and 
indistinct nucleoli. Sometimes the lumina of these vessels appear 
to be obliterated by the endothelium. These vessels have long 
since been recognized as the port of entrance for bloodborne 
lymphocytes to the lymph node parenchyma (30,31). Therefore, 
they play a crucial role in recirculation, distribution, and homing of 
lymphocytes in different lymphoid organs, a process mediated by 
specific homing receptors on the lymphocyte surface, that react 
with organ-specific ligands (or vascular addressins) on the 
endothelial cell surface (32,33,34,35) (Figure 31.7). In this 
process chemokines also play an important role (36,37). 
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Figure 31.7 Paracortical area with a highlighted epithelioid 
venule. Lymphocytes are seen adhering to the endothelium 
and passing through the vessel wall (HECA 452 stain). 


Figure 31.8 !mmunohistochemistry of paracortex. A. The vast 
majority of the cells in the paracortex stain positive for CD3 
(frozen section). In the upper left corner, a segment of a 
follicle (B-cell area) is seen. B. Here, the IDCs stain positive 
for HLA-DR (frozen section); they are larger and show more 
cytoplasm than the group of follicular (B) cells on the left. 


Interdigitating Dendritic Cells 


Interdigitating dendritic cells (IDCs) are large cells with large and 
bizarre nuclei having deep clefts and folds. The chromatin pattern 
is delicate, almost transparent, and nucleoli are inconspicuous. 
The cytoplasm is abundant, pale, and with ill-defined borders 
(Figure 31.6C). Electron microscopy shows protrusions, broad and 
veil-like, in contrast to the thin processes of the FDC. Contact 
points are lacking. Furthermore, IDCs have a typical organelle of 


undetermined function: the tubulovesicular system (15). When 
present in large numbers IDCs cause a mottling of the paracortex. 


The IDC is a bone marrow-derived cell, intimately related to the 
Langerhans cell of the skin, which it closely resembles, both 
morphologically and functionally (38,39,40,41). Both are antigen- 
presenting cells to T lymphocytes, important to initiate and/or 
maintain immune responses. Immunologically, these cells are best 
demonstrated in stains for S-100 protein or by HLA-DR, among the 
class |Ila€“negative T lymphocytes (Figure 31.8). 
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Lymphoid Cells 


The cytology of the paracortex is somewhat variable; but, in the 
majority of cases, small T lymphocytes predominate. They have 
small, irregular nuclei with coarse chromatin and little cytoplasm. 
They are demonstrated with stains for CD2, 3 (Figure 31.8), 5, 
and 7 and are either CD4- or CD8-positive, with CD4-positive cells 
outnumbering the CD8-positive ones. Blast cells are present in 
varying numbers; they are large cells with vesicular nuclei of a 
varying shape. 


Other Cell Types 


The fibroblastic reticulum cell (FRC) is often found at the edge of 
the paracortex (15). It is a somewhat functionally enigmatic cell 
that forms reticulin fibers involved in the transport of cytokines 
and/or antigens through the parenchyma. This so-called FRC 
conduit system is an effective means of spreading important 
activating molecules throughout the entire lymph node (42). 


The Sinuses 


The sinuses are the structures carrying the lymphatic fluid from 
the afferent lymphatics through the lymph node to the efferent 


lymph vessels. The afferent lymph vessels drain into the 
subcapsular sinus, a structure at least partly lined by endothelium. 
As the sinuses traverse through the lymph node, they lose their 
endothelial lining and acquire a a€oelininga€* of macrophages 
(43). The macrophages in the sinuses are similar to macrophages 
elsewhere. They are large cells with large, irregular, and vesicular 
nuclei, a low nuclear-to-cytoplasmic ratio, and signs of 
phagocytotic activity. 


Apart from the macrophages, which look the same here as 
elsewhere in the lymph node, small lymphocytes are also found in 
the sinuses (Figures 31.5A, 31.9A). In addition, occasional 
neutrophils or eosinophils can be found here as well. 


Mention must be made of two other cell types. The first is the so- 
called sinus-lining cell, an ill-defined cell type that is primarily 
recognized with immunohistochemical stains for keratins. It is 
found in the area of the subcapsular sinus and has a coarsely 
dendritic morphology (44). Its nature is unclear; but, in evaluating 
lymph node sections for metastatic tumor, it is important to be 
aware of these cells and not confuse them with tumor cells. The 
second is the so-called immature sinus histiocyte, a misnomer as 
these are B lymphocytes (Figure 31.9B and C). These cells are 
primarily seen in certain reactive conditions in which they can 
partially fill the sinuses. They have small, more lymphoid 
appearing nuclei but have ample cytoplasm. Also called 
monocytoid B cells (another unfortunate name!), they are indeed 
B-lymphocytes, probably marginal zone cells (45,46). 


Function 


Each of the above-described compartments has a specific function, 
housing its own immunological reaction. Together these reactions 
make up the individual's immunologic integrity. 


e In the follicle, the follicle center cell reaction takes place. In 


this reaction the naA° ve B lymphocytes are exposed to antigen 
(on the FDC surface), and they adapt their antigen receptor 
(the immunoglobulin) to make a perfect fit to the presented 
antigen by a process called somatic hypermutation. This 
involves rearranging their immunoglobulin receptor genes 
through a partially trial-and-error process. Thus, some of the 
changes are actually for the worse and decrease the fit. Such 
cells are ruthlessly eliminated through apoptosis (hence the 
many apoptotic cells in this compartment). Eventually though, 
a perfect fit is achieved, and the cell is rescued from 
elimination by expressing the anti-apoptotic Bcl-2 molecule. 
Normal follicles, where selection takes place, are therefore 
negative for Bcl-2. Typically, several clones are developing in 
a single follicle, making it an oligoclonal proliferation (47). 


Through this complicated molecular biologic process of 
antibody selection, the follicle center cell reaction results in B 
cells that express high avidity antibodies on their surface. 
These cells can recirculate through the body as memory cells, 
Spreading immune competence through the entire body and 
waiting for another encounter with the antigen; others go to 
the medullary cords or to the bone marrow to enter the plasma 
cell reaction and develop into plasma cells that produce 
antibodies for secretion. 


In the medullary cords, the plasma cell reaction takes place. 
As mentioned above, it leads to the formation of plasma cells 
and the secretion of antibodies. The antibody production in the 
lymph node does not substantially contribute to the level of 
circulating antibodies, but it may be locally important, for 
instance for fixing antibodies on FDCs. 


In the paracortex, we find the specific cellular response that 
generates antigen-specific effector T lymphocytes of the 
various subsets: helper cells, suppressor cells, regulatory 
cells, memory cells, and maybe more (32). The cellular 


processes here are still poorly understood. It is likely that T- 
cell memory, cytokine production, and a number of other 
reactions take place in the paracortex, but little is known 
about this. Its role in the delayed-type contact hypersensitivity 
is well-recognized (29). 


e The sinuses, with their abundant macrophages, are a filtering 
system, clearing foreign substances from the lymph. Given 
their ability to handle antigens, a function in antigen- 
presenting might be plausible, but little is known about this. 
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Figure 31.9 The sinuses. A. Schematic representation with 
predominance of macrophages and some lymphocytes. B. Low- 
power view of immature sinus histiocytosis, recognizable as 
the pale area to the upper left of the central follicle. C. Detail 
of B, showing the cells to be somewhat larger than the dark, 
small lymphocytes and having fairly abundant cytoplasm. 


Changes in Compartments: Benign 
Versus Malignant 


The differential diagnosis of benign and malignant lesions is 
important in the discussion of normal lymph node histology for two 
reasons: (a) it is naturally of the utmost importance for the 
surgical pathologist to decide between benign and malignant, and 
(b) it is often difficult to distinguish between these two. The first 
goes without saying; the second can be clarified somewhat. 


Though a link between normal tissue and the tumors arising from 
them has been self-evident for epithelial neoplasms, the same 
insight for lymphomas and lymph node structure was slow to 
arrive. However, this has been firmly established through careful 
morphologic and immunologic studies. We now regard the (non- 
Hodgkin's) lymphomas as malignant counterparts of the normal 
immunologic reactions to antigens that take place in the different 
compartments of the lymphoid tissues (15,48,49,50). Lymphoma 
cells have similar morphologic, immunologic, and functional 
characteristics when compared with normal cells. This explains 
why a malignant process can resemble a reactive condition so 
closely. Table 31.1 relates some of the benign variations in normal 
histology to their malignant counterparts. As this chapter deals 
with normal histology and many excellent texts have been written 
on lymphomas, we will discuss this matter only briefly. 


Follicular Changes 


The most important issue here is the distinction between follicular 
hyperplasia and follicular lymphoma. The term follicular 
hyperplasia covers a large number of conditions, most of which are 
difficult to differentiate from each other on morphologic grounds. 
Thus, it occurs in: (a) lymph nodes in the vicinity of a (bacterial) 
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inflammation [e.g., tonsillitis but also in syphilis (51)]; (b) in 
autoimmune diseases, such as rheumatoid arthritis and systemic 
lupus erythematosus (52,53); (c) viral infections, such as HIV 
(25,26); and (d) in a number of idiopathic conditions, such as 
Castleman's disease, multicentric angiofollicular hyperplasia, 
reactive lymph node hyperplasia with giant follicles (54,55,56,57). 
(It is by no means clear that these are all separate entities.) 
Sometimes special stains can help in elucidating causation 
(spirochetal stains, p24 for HIV). In essence, the follicles are all 
more or less the same, so they are taken together here. 


| 
| Table 31.1 Benign Compartmental Enlargement and Their 


Malignant Counterparts 


Compartment Benign Malignant 
Follicle Follicular Follicular 
hyperplasia lymphomas 
Paracortex Paracortical T-NHL 
hyperplasia 
Dermatopathic Mycosis fungoides 
lymphadenopathy 
Medullary Medullary Lymphoplasmacytic 
cords hyperplasia lymphoma 
Reactive Plasmacytoma 


plasmocytosis 


Sinuses Sinus histiocytosis Malignant 
histiocytosis 


The most important morphologic criteria arguing for a benign 
lesion, mentioned in the literature (15,53,58,59,60,61,62) are: 


Cellular pleiomorphism of the follicle center 


e Presence of TBMs 
e High number of mitotic figures 


e Well-defined mantle zone 


Differences in size and shape of the follicles 


e Low number of follicles per surface area and predominant 
cortical localization 


e Well-developed and intact FDC networks in the follicle center 


e Zonation of the follicles, with clear dark and light zone 


Despite this impressive list of criteria it may not be possible in all 
cases, even by an experienced pathologist, to distinguish reliably 
between benign and malignant on morphologic features alone. 
Therefore, there are some additional roles from 
immunohistochemistry and molecular biology (63). Features of 
malignancy by these techniques include: (a) demonstration of light 
chain restriction by immunohistochemistry (expression of either 
Îe- or Î»- light chain by follicular lesions is considered proof of 
malignancy); (b) expression of Bcl-2 by follicle center cells; (c) 
demonstration of clonality by detection of rearrangement of 
immunoglobulin genes, either by Southern blotting or by 
polymerase chain reaction (PCR) analysis; and (d) demonstration 
of a t(14;18) translocation (perhaps not 100% proof but a very 
strong argument). 


Even with these additional techniques, it is not possible to 
diagnose all cases with certainty. It is good to realize that the 
majority of the lymph nodes encountered by pathologists are 
quickly scanned and interpreted, and rarely cause diagnostic 
problems. However, a high index of suspicion is 
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probably a good general attitude, simply because of the occasional 
treacherous similarities between benign and malignant follicular 
processes. 


Changes in the Medullary Cords 


Two distinctions can be important when examining changes in 
medullary cords. The first is reactive plasmacytosis (Figure 31.10) 
versus plasmacytoma. Preserved lymph node architecture and the 
presence of plasma cell precursors strongly favor the diagnosis of 
a reactive condition (15). In rare doubtful cases, 
immunohistochemistry can clinch the diagnosis by demonstrating 
light chain restriction. Second, expansion of the medullary cords, a 
rare event in itself, can be mimicked by a lymphoplasmacytic 
lymphoma. In rare instances, this lymphoma does not efface the 
architecture but expands the medullary cords. If the expansion is 
sufficient to arouse suspicion, marker studies can settle this 
easily, again by showing light chain restriction. It is good to 
realize that demonstrating clonality in paraffin sections may be 
difficult due to diffusion artifacts. The intercellular fluid is rich in 
immunoglobulins, and these can diffuse into the cells of a 
specimen if fixation is delayed. Subsequent fixation will trap the 
polyclonal immunoglobulins inside the cells, potentially obscuring 
monoclonality. In practice, when a lesion is clearly monoclonal, 
this will be demonstrable; however, caution must be taken in 
interpreting immunoglobulin stains. 
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Figure 31.10 Reactive plasmacytosis. The medullary cords 
here consist almost entirely of plasma cells; sinuses are 
patent, a sign of preserved lymph node structure (H&E; 
paraffin-embedded section). 


Changes in the Paracortex 


Paracortical hyperplasia can take three forms, each with their own 
differential diagnostic considerations. 


Expansion of the paracortex by predominantly small 
lymphocytes, usually with an increase in epithelioid venules. 
Distinctive features, suggestive of malignancy are cellular 
monotony and destruction of lymph node architecture by the 
proliferation. Immunohistochemical features that may be 
Supportive are: (a) demonstration of an aberrant phenotype 
(e.g., strong predominance of CD4 or CD8), loss of markers 
that are normally present (such as CD7 or CD5), or expression 
of markers normally not expressed by lymph node T cells (such 
as CD1); and (b) demonstration of clonality by molecular 
biology [i.e., Southern blotting or PCR analysis of the T cell 
receptor chains (64,65)]. 


Expansion with an increase of blasts. This can be seen in viral 
infections or following vaccinations, as well as in some drug 
reactions (the antiepileptic drugs featured prominently here) 
(53,60,66,67). The changes can be histologically very alarming 
for malignancy. In some conditions, even necrosis can occur, 
such as in Kikuchi's histiocytic necrotizing lymphadenitis (68). 
On occasion, the changes can exhibit a nodular pattern (69). 
In such cases, a preserved architecture should raise the 
possibility of a benign condition, regardless of the histologic 
picture. Simple analysis with immunohistochemistry will reveal 
blasts of B-cell origin next to blasts of T-cell origin; also 
mitotic cells labelled by both B-cell and T-cell markers argue 
strongly for a benign proliferation and against a peripheral T- 
cell lymphoma. A differential diagnosis with Hodgkin's disease 
is also sometimes a consideration; Reed-Sternberg cells can be 
found in reactive conditions. Therefore, this differential can be 
very problematic. It should be kept in mind, however, that 
cases of Hodgkin's disease with intact lymph node architecture 
are rare. In short, this pattern can be extremely difficult to 
interpret; a combination of clinical history, morphology, 
immunophenotyping, and molecular biology (demonstration of 


clonality) must bring about a final diagnosis. 


Dermatopathic lymphadenopathy. In this pattern, seen in 
lymph nodes draining skin areas with itching skin disorders, 
the paracortex is expanded by a marked increase in IDCs and 
Langerhans cells (70,71). It is mentioned here, because the 
skin lymphomas, mycosis fungoides, and the SA@©zary 
syndrome, when they involve the lymph nodes, will do so in 
the background of a dermatopathic lymphadenopathy. This 
problem will 
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thus arise only in the setting of a patient known to suffer from 
one of these skin lymphomas. That does not make the problem 
easier in itself. The only way to arrive at the diagnosis is to 
make a careful search for the diagnostic large cerebriform 
mononuclear cells, which can be difficult to find (72,73). Their 
demonstration is clinically very relevant (74). 
Immunohistochemistry and molecular biology unfortunately are 
not helpful here (75). 


Sinusoidal Changes 


Sinusoidal changes are very common in lymph node specimens. 
Lymph nodes draining tumors or inflammatory areas often show 
sinus histiocytosis. Typical conditions showing a sinusoidal pattern 
include sinus histiocytosis with massive lymphadenopathy (76,77) 
and Langerhans cell histiocytosis (60,78). The former condition is 
a peculiar clinicopathological entity in which the histiocytes seem 
to engulf large numbers of lymphocytes in their cytoplasm without 
destroying them, a phenomenon dubbed emperipolesis. This is a 
highly characteristic finding. The latter can also cause a (mostly 
but not always benign) sinus histiocytosis. The typical features of 
Langerhans cells, with their deeply grooved nuclei and the 
admixture with eosinophils, are important clues. 
Immunohistochemistry with CD1 (and S-100) will prove the true 


nature of the cells. Malignant conditions in the sinuses are almost 
always easily recognized on histology as frankly malignant. 
Metastatic carcinoma or melanoma, large-cell anaplastic lymphoma 
(79), and malignant histiocytosis (80) all can be difficult to 
distinguish from one another, but doubts about their malignancy 
are rare. 


As mentioned above, the sinuses can be filled with immature sinus 
histiocytes or monocytoid B cells. A malignant equivalent is nodal 
marginal zone B-cell lymphoma (81). A predominant sinusoidal 
localization of such a lymphoma is rare but can occur. 
Demonstration of clonality is helpful and necessary in such cases. 


Finally a particular sinusoidal pattern involving vessels can be 
seen on occasion, often as a reaction of the lymph node to 
ischemia or irradiation. This pattern is called vascular 
transformation of the sinuses and can show some histological 
variation, from a delicate vascular pattern to a more spindle-cell 
proliferation resembling Kaposi's sarcoma (82). 


Combined Patterns 


Follicular, medullary, paracortical, and sinusoidal patterns often 
occur simultaneously, and any combination is possible. As 
combined patterns are extremely rare in lymphomas, any 
combination argues for a benign condition. For example, 
Toxoplasma and Epstein-Barr virus infections often cause 
combined patterns. If suspicions of a malignancy arise, the same 
criteria aS mentioned for the single patterns apply. 


In addition a number of other patterns may occur, such as 
granulomatous patterns. As this chapter cannot aspire to 
completeness and this is not a treatise on benign conditions of the 
lymph node, they will not be discussed further. 


Artifacts 


A number of extrinsic and intrinsic factors can influence lymph 
node histology. Though they are not patterns, they can cause 
considerable difficulties in evaluating histology and are therefore 
mentioned here. 


Technical Artifacts 


Lymph node tissue is vulnerable and easily damaged in processing. 
Undue pressure on a specimen during dissection can cause 
considerable crushing artifact, to the point of obliterating 
morphology completely. Specimens with extensive crushing 
artifacts should best not be evaluated. Differences are already 
subtle, and no chance should be taken with poor material. 


Another disturbing artifact is fixation related. It occurs especially 
in large specimens or if processing is too quick. If the fixation time 
in formalin is too short, only the outer edge of the specimen is 
fixed. The central part will not be reached by the formalin and will 
be fixed in the alcohol of the dehydrating series. This causes a 
marked difference in the histologic appearance of outer and inner 
segments. The inner segment shows loss of cohesion, and cells 
appear more shrunken and hyperchromatic (Figure 31.11). Great 
care should be taken in evaluating such specimens. 


Intrinsic Artifacts 


Though the lymph node architecture described above is found in all 
nodes throughout the body, in some areas typical changes can be 
found, mostly the result of repeated inflammation or reactions. 
These changes are most often seen in inguinal nodes and take the 
form of deposits of fibrotic material that can distort the normal 
architecture. This should be kept in mind when evaluating such 
Specimens. Similarly, in retroperitoneal lymph nodes, hyalinization 
can be found. 


Handling of Lymph Node Specimens 


In an area where morphologic differences are (very) subtle, 
additional techniques can be decisive in making a diagnosis. In the 
past, this meant having snap-frozen material 
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available to do marker studies and/or Southern blotting. However, 
at the moment, all commonly used markers in characterizing 
lymphoid tissues and their tumors are applicable on formalin-fixed, 
paraffin-embedded material. In addition, though Southern blotting 
is still the most sensitive and reliable technique, PCR analysis with 
multiple primers is a good alternative for molecular biologic 
evaluation of gene rearrangements and_ translocation. 
Nevertheless, it is still good policy to ask clinicians to send in 
lymph node specimens fresh and to snap-freeze a part of the 
specimen. It is no longer necessary to use a special fixative for 
immunohistochemistry (Bouin's fixative, sublimate-formaldehyde, 
B5, Sensofix, zinc-containing fixatives, among others); most of 
these are toxic and damage DNA to such a degree that molecular 
biologic analysis becomes impossible. It can be helpful to make 
touch imprints, by carefully pressing the cut surface of a specimen 
against a slide. The cytological picture can be helpful, especially in 
cases where the histology is not so good. 


Figure 31.11 Fixation artifact. Edge of the specimen is 
properly fixed; the center, fixed in alcohol during the 
dehydration procedure, shows loss of tissue structure. 


Electron microscopy is not particularly helpful in diagnosing 
lymphoid lesions, whether benign or malignant. For very rare 
lesions, tumors of dendritic cells for instance, this may be of 
assistance, and it is a small effort to slice off a very small and thin 
fragment for fixation in glutaraldehyde. However, and this is a 
general principle, if a specimen is small, any manipulation is a risk 
of damaging the cells in the lesion severely and should be kept to 
a minimum or even avoided altogether. 


If circumstances so dictate, consider sending a piece of tissue to 
the microbiology department for culture. 


For research purposesa€”and if the size of the specimen allows 
ita€”a cell suspension can be made. Routine use of cell 


Suspensions to perform marker analysis is not to be encouraged. 
One loses the morphologic control of the lesion and its cells, which 
is extremely important. 


Special Techniques and Procedures 


Immunohistochemistry can hardly be described as a very special 
technique, given its omnipresence in pathologic diagnostics. It is, 
however, not always used properly. Therefore, we will stress the 
basic rules for this important additional technique. 


e Always use positive and negative controls. Given the problems 
with endogenous peroxidase, alkaline phosphatase, or biotin 
activity/presence and the very real possibility of technical 
mistakes, they are absolutely essential. 


Use panels of antibodies. Because no single antibody is 
absolutely specific for one molecule and cross-reactions can be 
very confusing, it is sound policy to use a well-constructed 
panel in which individual staining results will confirm each 
other. Panels for classification of lymphoid lesions have been 
reported (83,84); they are primarily in use for classification of 
lymphoma but are also useful for benign lymphoid lesions and 
distinguishing between benign and malignant. 


e Use the morphology. Immunohistochemistry is an additional 
technique; one should always be extremely cautious if 
morphology and immunohistochemistry are at odds. Also, 
morphology can direct the interpretation of the 
immunohistochemistry, for instance by looking at the 
immunophenotype of those cells that are considered the tumor 
cells. In lymphoid lesions, there are always a lot of admixed 
cells that are also of lymphoid origin. The best example is that 
of a paracortical expansion where the blasts prove to be of B- 
cell origin with the immunohistochemistry, a strong argument 
for a benign process. 


e Use your common sense. This goes without saying. It is 
curious, however, how often this essential piece of advice is 
ignored! 


By and large, similar advice goes for the use of molecular biology 
in the evaluation of lymphoid lesions. Controls, common sense, 
and the use of several primer pairs or techniques to confirm test 
results are equally as important here as they are for 
immunohistochemistry. The demonstration of clonality must be 
considered a (strong) argument for malignancy; however, not all 
clonal lesions are malignant and certainly will not behave in a 
malignant fashion, the obvious example being monoclonal 
gammopathy of undetermined significance (85). Again, the data 
must be interpreted in their entire context. 


Even lineage determination (e.g., by demonstration of 
immunoglobulins or T-cell receptor rearrangements) is not 
absolute. The terms lineage infidelity and lineage promiscuity 
already suggest that there are exceptions to the rule that only B 
cells rearrange immunoglobulin genes and only T cells rearrange 
T-cell receptor genes (86,87,88,89,90). Obviously, additional 
techniques are invaluable in the analysis of lymphoid lesions, but 
only if they are properly used! 
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Spleen 


J. Han J. M. van Krieken 
Attilio Orazi 


Introduction 


Historically, the human spleen has attracted attention from poets as a 
producer of melancholy. Galen (131a€“201 AD) called the human spleen 
an enigmatic organ, a notion that has persisted for a long time. In the 
seventeenth century, Malpighi described, macroscopically, the splenic 
lymphoid follicles as white pulp against a background of red pulp. In 
1857, Billroth published one of the first histologic studies of the human 
spleen in which he divided the red pulp into cord tissue and venous 
sinuses (1 ). Still, until the second half of the twentieth century, the 
spleen was considered a rather useless reservoir for blood cells and was 
hardly studied. In the 1970s, by using electron microscopy, Weiss was 
able to elucidate the fine structure of the organ, which gave insights 
into the red pulp function (2 ,3 ). During the same period, Nieuwenhuis, 
Ford, and Keuning performed immunologic function studies on rat 
spleen (4 ,5 ,6 ), and Veerman published a detailed description of the 
white pulp of the rat spleen (7 ). A complete summary of the 
organization and functions of the spleen is provided by Weiss in 1988, 
in the sixth and last edition of his Textbook of Histology (Cell and 
Tissue Biology) (8 ). 


Nevertheless, many pathologists still lack a clear understanding of the 


normal histology and functions of the human spleen. This is due to 
several reasons. The organ is extremely vulnerable to autolysis, which 
often makes histologic findings in postmortem specimens difficult to 
interpret and of limited teaching value. Surgically removed spleens are 
Suitable, if processed without delay. However, since the number of 
splenectomies performed in most institutions is relatively scarce, it is 
not surprising that pathologists may feel uncomfortable when 
interpretating splenic pathology as a result of a lack of familiarity with 
splenic histologic features. 


Another source of confusion with respect to the structure and function 
of the human spleen is in the terminology and definitions applied to this 
organ, which are still largely based on studies of animal spleens. The 
human and 
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animal spleens do not have an identical architecture; for example, in 
the human spleen, the periarteriolar lymphocyte sheath and the 
marginal sinus as described in rodent spleens are not present. 
Furthermore, certain definitions (e.g., of the marginal zone) vary widely 
from author to author (9 ,10 ). 


The next problem is the large variations that occur in the 
a€cenormala€* spleen. The spleen is a compartimentalized organ 
(Table 32.1 ). Stimulation of one of the many functions of the spleen 
can lead to morphologic changes in the compartment that is mainly 
responsible for that function. The normal spleen therefore can show 
wide variation. As one of us has shown in a previously published study, 
it is essential to define a normal control population if one undertakes 
histologic studies in the spleen in specific disorders (11 ). For example, 
a morphometric analysis showed that spleens removed incidentally 
during abdominal surgery (i.e., for highly selective vagotomy or early 
gastric cancer) differed from traumatically ruptured spleens; we 
therefore excluded the latter from our a€cenormala€* group. All these 
problems sometimes make it difficult to differentiate physiologic from 
pathologic changes. 


Part of this chapter is based on a previous study, performed by one of 
the authors, of methylmethacrylate sections of more than 400 surgically 
removed human spleens and our immunohistochemical experience using 
frozen (12 ,13 ) and/or paraffin-embedded tissue. 


White pulp 
T-cell area 
Irregular area of small lymphocytes containing lymph vessels bordering 
arteries 
Predominant CD4 _ lymphocytes 
Paracortex containing lymph vessels 
B-cell follicle 
Round area of small lymphocytes surrounded by medium-sized 
lymphocytes (a germinal center may be present) 
Production of Ig-producing cells and probably memory cells 
Follicle 
Perifollicular zone 
Area between white and red pulp containing many erythrocytes and 
lacking a normal sinusoidal structure 
Place of retarded blood flow with interaction of blood cells, cells, 
antigens, and antibodies 
Medulla (?) 
Red Pulp 
Sinuses/cord tissue with sheathed capillaries 
Tissue containing a meshwork of sinuses (with interrupted basement 
membrane) and capillaries, partly sheathed 
Removal of particles from blood cells. Possible place of interaction of 
new antigens with reticulum cells 
Sinus: partly high endothelial venule 
Sheathed capillary: medullary sinus 
Nonfiltering area 
Area of red pulp tissue lacking capillaries and containing lymphocytes 
Probably place of onset of immune reaction 
Medulla or compartment of primary follicles 
Perivascular rim 


Small area along the vessel tree containing lymphocytes and plasma 
cells 
Probably connected to lymphatics 


Medulla (?) 
Equivalent 
Spleen in Lymph 
Compartment Description Function/ Composition Node 


Table 32.1 Summary of Splenic Histology, Function, and 
Relationship to Lymph Node Compartments 


Prenatal and Developmental Changes 


During embryogenesis, the spleen can be recognized from about the 
fifth week of gestation, and blood vessels appear in it by the ninth 
week. Red and white pulp cannot be distinguished until the ninth 
month. The functional role of the spleen during prenatal development 
varies widely from that of the adult spleen, and this is reflected in the 
microscopic anatomy of the organ. Hematopoiesis was considered to 
take place in the fetal spleen (and liver) and to contribute largely to 
blood cell formation in the fetus until the sixth month of gestation, but 
it has been shown that, in fact, the spleen functions at most as a site of 
maturation for hematopoietic precursors derived from the peripheral 
blood (14 ,15 ). In adults, one may see foci of hematopoietic cells 
(extramedullary hematopoiesis) in the spleen in many reactive 
conditions (e.g., sepsis), as well as in disorders of the bone marrow 
associated with myelofibrosis. Extramedulary hematopoiesis as seen in 
the spleen is also referred to as myeloid metaplasia. 


Figure 32.1 Spleen removed in idiopathic thrombocytopenic purpura. 
A. Formalin-fixed paraffin embedding (H&E, original magnification 
A—40). B. Methylmethacrylate embedding (methenamine-silver/H&E, 
original magnification A—40). Overview of red and white pulp showing 
central arteriole with T-cell area, a primary follicle, and a secondary 
follicle containing a germinal center. Note the absence of the marginal 
zone around the T-cell area and the presence of the erythrocyte-rich 
(pink) perifollicular zone surrounding both the T- and B-cell 
compartment of the white pulp. Note the lack of detail on the structure 
of the red pulp and the difficult discernable perifollicular zone in 
standard H&E section. (rp, red pulp; pf, perifollicular zone) 
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The immune system develops during fetal growth, and this development 
continues after birth (16 ). This functional maturation is reflected by 
the morphology: until birth the splenic white pulp does not contain 


follicles and marginal zones. There are immature B cells in clusters and 
T cells scattered throughout the organ. Their numbers increase with the 
developmental age of the fetus; and, from the end of the second 
semester onward, B- and T-cell areas can be recognized (17 ,18 ). 
Phagocytosis can be demonstrated at the twelfth week of gestation (14 
glib: ). 


Developmental changes of the spleen are very familiar. The presence of 
accessory spleens (so-called splenculi, small extra pieces of spleen 
tissue with the complete and normal histology of the red and white 
pulp) can be found in at least 25% of autopsies. In disorders being 
treated with splenectomy, these splenculi may lead to recurrence of the 
disease. 


Rare but well known is the polysplenia associated with immotile cilia 
syndrome (19 ). In this syndrome, left-right orientation of thoracal and 
abdominal organs may be abnormal, and the spleen at the right side is 
often divided into many small pieces, generally having normal function. 
This is not to be confused with acquired splenosis, in which many small 
fragments of spleen are present after trauma. Congenital asplenia, 
which is exceedingly rare, is associated with abnormalities of the 
cardiovascular system. 


Apoptosis 


In the development of the spleen, apoptosis does not seem to play an 
important role, but the lymphoid compartment, as in other lymphoid 
tissues, shows extensive apoptosis, especially in the germinal centers 
of the B-cell follicles. This is illustrated in Figure 32.1 , where the 
a€oestarry skya€* phenomenon can be observed. The starry sky cells 
are macrophages that phagocytose remnants of lymphocytes that are 
dying through apoptosis, generally because they 
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have an unsuccessful gene rearrangement of the antigen receptor or 
because of the fact that the produced immunoglobulin recognizes 
autoantigen. This physiologic process is important in the protection 


against autoimmune diseases. The Bcl-2 protein that protects against 
certain forms of apoptosis (see Chapter 1 ), which is expressed in most 
B and T cells, is lacking in germinal center B cells, rendering them 
susceptible for apoptosis. In follicular lymphoma the t(14;18) 
translocation leads to aberrant expression of Bcl-2 in the tumor cells. 
This is sometimes helpful in the recognition of follicular lymphoma in 
the spleen for the following reasons. Because the spleens of patients 
over about 20 years of age only rarely contain active germinal centers, 
the distinction between a primary follicle and follicular lymphoma can 
be difficult. Furthermore, the involvement of the spleen by follicular 
lymphoma is often nodular but does not lead to the disturbance of the 
architecture that is so noticeable in the lymph nodes involved by 
follicular lymphoma. Because spleens are often received after fixation, 
immunoglobulin light chain restriction is not possible by 
immunohistochemistry, immunofluorescence, or flow cytometry. 


Apoptosis also plays an important role in mantaining a normal number 
and function of T cells. In cases of autoimmune lymphoproliferative 
syndrome (a pediatric disorder due to a genetic defect of FAS or FAS 
ligand that is associated with splenomegaly and autoimmunity), a 
decreased rate of apoptosis in T lymphocytes is responsible for the 
marked degree of lymphoid hyperplasia seen in the T-cell rich areas of 
the spleen. 


Gross Features/Organ Weight 


The human spleen is a bean-shaped organ surrounded by a smooth 
capsule covered by the peritoneum. In contrast to several species, the 
capsule does not contain smooth muscle fibers and therefore does not 
have the capability of undergoing contraction in response to acute 
blood loss. The spleen in animals such as dogs and cats has an 
important red blood cell reservoir function. By undergoing rapid 
contraction, the spleen can squeeze out its red blood cell reservoir and, 
by doing so, produce a rapid increase in the amount of circulating 
blood. The surface may be covered with fibrotic or even calcified 


plaques, the cause of which is unknown. It is not uncommon to find 
several grooves at the outer surface that have no clinical significance. 
The weight of the spleen is highly variable (20 ). In adults, the spleen 
generally weighs 150 to 250 g; but, in the elderly, the spleen is often 
substantially smaller, even when there is no apparent hypofunction. 


On the cut surface, the red and white pulp can be discerned, the latter 
consisting of small (less than or equal to 2-mm) nodules. It is 

important to realize that involvement of the spleen in malignant 
lymphoma often is observed foremost in the white pulp (21 ), which 
becomes enlarged but often not to a great extent. Therefore, the spleen 
should be cut up into small sections (less than or equal to 5 mm). 


Anatomy 


Blood Supply 


Blood reaches the spleen via the splenic artery, a large branch of the 
celiac artery, and enters the spleen through four to six branches; their 
number and location is, however, highly variable. Venous outflow 
occurs via four to six venous branches. These combine, within the 
lienorenal ligament to form the splenic vein, which drains into the 
portal vein (22 ). This is why portal hypertension can produce 
a€cecongestivea€* splenomegaly. The blood flow within the spleen is 
highly specialized and relates to the different functions of the spleen. 


Nerves 


The spleen is innervated by nonmyelinated fibers from the major 
splanchnic nerves and the celiac plexus (23 ). These nerve fibers run 
along the splenic artery. Innervation in human spleens is less extensive 
than in cat and dog spleens, and this might be related to the important 
reservoir function of the spleen in these animals, as previously 
mentioned. 


Lymphatics 


No afferent lymphatic vessels are present in the spleen. Its lymph 
drainage occurs via hilar lymph nodes and lymph nodes in the 
gastrosplenic ligament. The lymph then flows through lymphatics along 
the splenic artery to the celiac lymph nodes along the celiac artery. The 
lymphatics in the spleen are described below. 


Light Microscopy 


Vascular Tree 


After entering at the hilus, the splenic artery branches like a tree (24 ). 
Within the splenic parenchyma, these arterial branches, called 
trabecular arteries, are accompanied by veins and lymph vessels and 
surrounded by collagenous fibers. These vessels containing fibrous 
structures are usually referred to as trabeculae or septa, a term which 
is inappropriate to describe what in essence are perivascular collagen 
cuffs. Real, albeit short, true septa are also present in the spleen. 
These are connected to the capsule, lack inside vessels, and only 
extend for a short length into the splenic tissue. Foci of condensed 
reticular fibers devoid of vessels are found throughout the red pulp. The 
condensed reticulum 
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appears to be in direct continuity with the reticular meshwork of the 
Surrounding red pulp; they may represent areas of collapse or 
involution of the red pulp tissue. 


Trabecular arteries branch to form central arteries and arterioles that 
are no longer accompanied by veins and are surrounded not by a 
collagenous cuff but rather by lymphatic tissue predominantly 
composed of T lymphocytes. This lymphatic compartment, which is 
usually referred to as periarterial or periarteriolar lymphoid sheath 
(PALS) is present around the vessels and becomes smaller toward the 
capillary ending. The arterioles are usually described as branching into 


penicillary arterioles, which run in parallel. In humans, however, this 
phenomenon seems to be restricted to involuted specimens in which the 
disappearance of tissue between arterioles has left them lying close to 
each other. 


Branching of arterioles and capillaries often occurs at right angles, as 
can frequently be seen in sections. Reconstructions based on serial 
sections have shown that the terminal end of the capillary forms a 
peculiar and specifically splenic structure (25 ,26 ) (Figures 32.2 ,32.3 
). These structures are known by several names, determined partly by 
the species in which they have been studied, for example, sheathed 
capillaries, HAlsekapillaren, ellipsoids, or periarteriolar macrophage 
sheaths. In humans, they are present in the red pulp and the 
perifollicular zone and are generally referred to as sheathed capillaries. 
The sheathed capillary is surrounded by a a€cesheatha€e of 
mononuclear phagocytes and rare reticulum cells. Because autolysis is 
so rapid, visualization of the sheathed capillaries in particular is 
dependent on adequate tissue processing. The endothelial lining of the 
capillary ends abruptly in a string of concentrically arranged 
macrophages. Blood cells coming from an arteriole have to pass 
through the sheathed capillary on their way to the lumen of the sinus, 
which they reach by slowly percolating through the cord macrophages 
and red pulp stroma (open circulation), and then via the slits in the 
basement membrane of the sinus (3 ,27 ). Although no direct anatomic 
connection between the arteriolar ends and the sinuses has been 
demonstrated, a proportion of the arteriolar branches may end in close 
opposition to walls of the sinuses, allowing a more rapid circulation 
(close circulation) of at least a portion of the blood flow. The red pulp 
sinuses are considered as the first part of the splenic venous tree. 
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Figure 32.2 Schematic impression of red (left ) and white (right ) pulp, 
showing the main compartments and structures of the human spleen. 
The capillaries (c ) end as sheathed capillaries (sc ) without direct 
communication with the sinuses. The nonfiltering areas (NF ) are 
bordered by sinuses and are devoid of (sheathed) capillaries. The 
perifollicular zone surrounds the white pulp (follicle and T-cell area) 
and lacks fully developed sinuses. Note the zoning in the B-cell but not 
in the T-cell compartment. The T-cell area contains a lymphatic plexus. 
(Left, original magnification A—250; right, original magnification 
A—100.) 
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The localization of the sheathed capillaries at the end of the arterial 
tree seem perfect for their functioning as a filtering unit. 
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Figure 32.3 A. Traumatically ruptured spleen. Methylmethacrylate 
embedding (methenamine-silver/H&E, original magnification A—400). 
Capillary transitioning into sheathed capillary. Note the proximity to, 
but lack of connection with, the sinuses. (C, capillary (unsheathed); SC, 
sheathed capillary; S, sinus) B. Same specimen as in A (original 
magnification A—1000). Detail of unsheathed capillary. C. Same 
specimen as in A (original magnification A—1000). Detail of sheathed 
capillary. D. Same specimen as in A (original magnification A—250). 
Detail of the red pulp showing sinuses in cord tissue. Note the 
nonfiltering areas devoid of capillaries and completely surrounded by 
sinuses. (Uc, unsheathed capillary; S, sinus; NF, nonfiltering area) 
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Within the sinusoidal meshwork, there are large sinuses that open 
directly into veins running along the arteries in the collagenous cuff. 


Small efferent lymph vessels can be found in the T-lymphocyte 
compartment of the white pulp in about two-thirds of the spleens. They 
are not seen in the surrounding perifollicular zone. A reconstruction 


from serial sections showed that these lymph vessels form a network 
around arterioles and eventually follow the arterial tree to the hilar 
region (9 ,28 ). 


Red Pulp 


Seventy-five percent of the volume of the spleen is made up of red pulp 
(26 ). The two-dimensional picture given by conventional histology 
sections suggests that the red pulp is largely composed of cordal 
macrophages, interconnected by their cytoplasmic processes to form a 
reticular meshwork that provides structural support to the venous 
sinuses. Serial sections have shown, however, that the red pulp 
contains also a loose reticular framework, is rich in capillaries, and 
contains the terminal ends of the penicillary arterioles (Figure 32.3D ). 
The sinuses account for about 30% of the red pulp (26 ). The sinus 
endothelial cells are surrounded by almost circular strands of 
discontinuous basement membrane that is predominantly composed of 
collagen IV and laminin, known as the ring fibers (Figure 32.4 ). The 
ring fibers are both interconnected among themselves and anchored to 
the dendritic processes of the cordal macrophages and splenic 
(fibroblastic) reticulum cells. Stromal fibers and reticulum cells running 
throughout the red pulp cords also contribute to provide structural 
Support to this splenic area (the reticular meshwork of the red pulp). 
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Figure 32.4 Normal spleen with red pulp stained with an antibody 
against collagen IV showing the ring fibers surrounding the sinuses 
(original magnification A—250). 


A subpopulation of reticulum cells that express nerve growth factor 
receptor is found predominantly in periarteriolar location (29 ). These 
cells, most likely representing adventitial reticulum cells similar to 
those present in the adventitia of blood vessels, also have been 
observed within the stroma of bone marrow and lymph nodes (30). 
Myoid reticulum cells (Smooth muscle actina€“positive, or SMA-positive) 
are found scattered throughout the red pulp. These cells are, however, 
much more concentrated within the marginal zone of the lymphoid 
follicles and in the PALS (31 ,32 ,33 ). Whether the SMA-positive red 
pulp cells correspond to fibroblastic reticulum cells that have undergone 
myofibroblastic differentiation, or are a truly separate population, is 
unclear at this time. The red pulp sinuses themselves form a complex 
network of their own with many interconnections and bulblike 
extensions with blind ends, the latter of which project into the cord 
tissue [See Figure 4 of van Krieken et al. (26 )]. 


The sinuses are lined by elongated, flat endothelial cells with typical 
bean-shaped nuclei having a longitudinal cleft; these cells are also 


known as littoral cells. Immunoperoxidase studies have shown positivity 
for endothelial markers and, unique among other endothelial cells, to 
CD8 (Figure 32.5 ) and often CD68 and CD21. Parts of the endothelial 
lining react also with a monoclonal antibody that also immunostains 
high endothelial venules in the lymph node (van Krieken JHJM, 
unpublished observation). 


The preponderant function of red pulp is blood filtration. However, in 
serial sections, one might notice that a fair amount of the red pulp 
tissue does not include capillary endings, including sheathed capillaries, 
and that these areas are surrounded only by sinuses. Small aggregates 
of lymphocytes (both B and T) and mononuclear phagocytes are present 
(Figure 32.3 ), which means that these nonfiltering areas of the red 
pulp should be regarded as a previously unrecognized splenic lymphoid 
compartment in addition to the white pulp. Morphometrically, the size 
of this lymphoid, nonfiltering red pulp compartment seems to be 
comparable to that of the white pulp (26 ). Newly formed white pulp 
follicles might originate from the small lymphoid aggregates of these 
nonfiltering areas. 


Figure 32.5 Normal spleen, red pulp stained with anti-CD8 showing the 
positive sinus endothelial cells (original magnification A—400). 


Blood cells can only reach these areas by passing through large 
stretches of red pulp tissue or, which seems more likely, via influx from 
the sinus by passing through the sinus endothelium. A retrograde 
return of lymphocytes from the venous sinus lumen back into the 
splenic tissue is known for the rat spleen, where lymphocytes migrate 
through the walls of what is called the marginal sinus into the white 
pulp. This type of sinus is histologically not discernable in the white 
pulp of the human spleen. In humans, the role played in the rat by the 
marginal sinus in the exchange of lymphocytes between the sinusoidal 
circulation and the splenic lymphoid compartment might be played by 
the previously described blind-ended bulblike extensions of the red pulp 
sinuses, representing a splenic endothelial component with high 
endothelial venulelike characteristics. This hypothesis is supported by 
the observation that, in humans, splenic follicles are surrounded by a 
perifollicular zone, a distinct splenic compartment containing 
erythrocyte-filled vascular spaces. The perifollicular zone sinuses differ 
from the typical red pulp sinuses in their enhanced expression of CD34. 
Recent evidence has suggested that this zone may represent the entry 
compartment for recirculating lymphocytes into the white pulp since it 
is capable of supporting influx and local proliferation of lymphoreticular 
cells, particularly CD4-positive T lymphocytes (33 ). 
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It has been recently suggested that the entry of these cells may be 
dependent on the presence in the perifollicular area of specialized 
reticulum cells with an _ endothelial-like phenotype secreting 
lymphokines and guiding the T cells into the PALS (33 ). 


White Pulp 


The white pulp consists of B- and T-cell lymphoid compartments (11 ) 
(Figure 32.1 ). The B-cell compartment mainly consists of the splenic 
lymphoid follicles. These are composed of a germinal center (only found 
in secondary follicles) directly surrounded by a ring of small 
lymphocytes, called the mantle zone or corona, which in turn is 
surrounded by the marginal zone that contains medium-sized 


lymphocytes (Figure 32.6 ). The germinal centers have similar features 
to those found in other lymphoid organs. They are formed by a scaffold 
of follicular dendritic cells that express CD21, CD23, CD35, and the 
low-affinity nerve growth factor receptor. The B cells of the germinal 
centers express CD20, CD19, CD10, and CD79a but not CD5. They have 
a high proliferation activity with Ki-67 and do not express Bcl-2. The T 
lymphocytes present within germinal centers are predominantly CD4- 
positive; tingible-body macrophages are CD68-positive. Mantle zones 
consist predominantly of CD5-positive small lymphocytes that are IgM-, 
IgD-, Ki-B3a€"“, and DBA.44-positive and alkaline 
phosphatasea€“negative (Figure 32.7 ). The marginal zone lymphocytes 
are, in contrast, positive with alkaline phosphatase and are IgD-, Ki- 
B3a€“, and DBA.44-negative (34 ). The marginal zone also contains a 
population of macrophages that are functionally distinct from the cord 
histiocytes of the red pulp, which, at least in animal models, seem to be 
important in maintaining the anatomic structure of the marginal zone 
by attracting newly differentiated marginal zone B lymphocytes into it. 
These cells move into the marginal zone area from the germinal center, 
where they derive from a common follicular/marginal zone precursor B 
cell (35 ). 


Figure 32.6 Same specimen as in Figure 32.3 . A secondary follicle 
(germinal center to the right) borders the red pulp. (mz, mantle zone; 
margz, marginal zone; pz, perifollicular zone; rp, red pulp; original 


magnification A—100) 


The reticulin framework of the marginal zone is characterized by the 
presence of numerous SMA-positive reticulum cells arranged in a 
concentric meshwork pattern. The marginal zone SMA-positive cells 
continue into the T-cell zones, where reticulum cells, exhibiting the 
Same immunophenotype, form the reticular framework of the PALS. 
Cells with SMA positivity are also seen, although less frequently, in the 
perifollicular zone and throughout the red pulp. These cells become 
more prominent in the presence of red pulp congestion, such as seen in 
cases of fibrocongestive splenomegaly (Figure 32.8 ) (29 ,36 ). 
Contractile capability may be important for a scaffoldlike reticular 
structure capable of being reversibly stretched around lymphoid follicles 
as they expand and contract within the PALS. 


In the rat spleen, the mantle and marginal zones are separated by a 
marginal sinus that can easily be seen by light microscopic 
examination. It plays an essential role in the splenic immune function 
as the site of entry of lymphocytes and antigens (37 ). This dividing 
sinus is not discernible in humans, at least by light microscopy. 
Recently, by using electron microscopy, a marginal sinuslike structure 
was described (38 ), although, surprisingly, it seems to be absent in 
active follicles (39 ). However, neither the exact location nor functional 
properties of this structure are known. 


The light microscopic differences with rodent spleens has led to 
confusion in the definition of follicular structures 
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of the human spleen. The term marginal zone has been used with 
different meanings (11 ,40 ,41 ,42 ). Some investigators use the term 
to refer to the ring of medium-sized lymphocytes that surrounds the 
outer border of the mantle zone; few others have included the mantle 
zone, still others only the bordering area between the red and white 
pulp, and sometimes even the zone surrounding the T-cell areas 
(PALS). We prefer to reserve the term marginal zone for the unique 


splenic structure that encases from the outside the IgD- and IgM- 
positive small lymphocytes of the mantle zone (in the secondary 

follicle) or of the primary follicle. We refer to the bordering area 
between the red and white pulp as the perifollicular zone. The same 
definitions are used in the extensive Japanese literature on the 
histology of the human spleen. However, the Japanese investigators call 
our marginal zone the inner marginal zone and refer to the perifollicular 
zone as the outer marginal zone. Because of the totally different 
architecture and cell population of these two structures, we find it 
preferable to use different names. 


Figure 32.7 Normal spleen showing the positive mantle zone cells for 
DBA.44 (left, original magnification A—40) and the dendritic cells 
stained for CD21 (right, original magnification A—40). 
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Figure 32.8 Spleen in fibrocongestive splenomegaly showing increased 
expression for smooth muscle actin (original magnification A—100). 
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The T-cell areas lie around arterioles but are not as regularly arranged 
as in the PALS seen in the rodent spleen (Figure 32.9 ). The arterioles 
are not constantly covered by these cylindrical lymphoid cuffs; they can 
be seen a€cenakeda€* traversing follicles and even germinal centers. 


In humans, the PALS are rather irregular aggregates of small 
polymorphic T lymphocytes, most of which express CD4 reactivity (T- 
helper/inducer lymphocytes). The T-cell areas are also surrounded by a 
perifollicular-like zone. The follicles sometimes border T-cell areas, with 
which they share a common perifollicular zone. 


Figure 32.9 Normal spleen stained with anti-CD3 antibody (original 
magnification A—40) showing the somewhat loosely organized T-cell 
compartment. 


m 
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Perifollicular Zone 


The perifollicular zone (PFZ) is a specialized compartment of the red 
pulp that is associated with its own reticular stroma; PFZ is found both 
at the outside of the white pulp marginal zone (in the follicles) and at 
the periphery of the T-cell areas (PALS). In the PFZ, the reticular fibers 
are more widely spaced than in the rest of the red pulp (Figures 32.2 
and 32.6 ). In silver-stained plastic sections, the PFZ can be identified 
by the paucity of basal membrane strands and by the presence of a 
vascular pattern that is different from the one seen in the rest of the 
red pulp. At the outer border of this area, red pulp sinuses are more 
widely spaced than elsewhere, and a rich network of capillaries, 
including sheathed capillaries, is present. The PFZ contains a 
considerable numbers of erythrocytes and leukocytes. 


The PFZ zone at the outside of the white pulp stands out in silver- 


stained sections but may be poorly visible in routine hematoxylin- and 
eosin (H&E)-stained sections. However, since the PFZ contains a large 
number of erythrocytes, it can be recognized by its deeply congested 
appearance around the densely packed lymphocytes of the T- and B-cell 
areas (Figure 32.1A ). The erythrocytes are seen more regularly in PFZ 
than in the red pulp sinuses; the red pulp sinuses outside the PFZ often 
appear to be less filled with these cells than the cord tissue. 


The PFZ, which makes up about 8% of the spleen, contains a mixture of 
blood cells comparable with that of the peripheral blood. It has been 
suggested that this area is responsible for the passage of the about 
10% of the splenic blood, which is known to have a retarded flow (11 ). 


Flow Cytometry 


The spleen has been only rarely investigated by flow cytometry. 
Recently, we have looked at the immunophenotypic characteristics of 
the human spleen lymphocytes and have established reference values 
for those cells in normal and reactive spleens (43 ). Altough the results 
obtained showed B- and T-antigen patterns of expression comparable to 
those seen in other lymphoid organs, a few differences were noted 
(Table 32.2 ). In contrast to the thymus and bone marrow, the spleen 
contains only very rare Tdt-positive lymphoid precursors. Within the 
Bcell subsets, the spleen shows a frequency of CD19-positive/CD20- 
negative B cells that is higher than in the peripheral blood or lymph 
node. This corresponds to the presence, in the spleen, of a sizable 
proportion of early plasma cells (CD138-negative) as well as more 
mature plasma cells. Other findings included a significant population of 
CD20/CD5a€“positive B cells, accounting for approximately 10% of the 
B lymphocytes; the presence of CD4/CD8 ratio of 1.2:1 (lower than in 
the blood but similar to the one seen in lymph node) and a mean 
number of {3/i’-positive T cells (of all CD3-positive cells) of 6% in 
normal and 10% in reactive spleens. While in the peripheral blood, 
NK/T cells account for less than 6% of the CD3-positive circulating 
lymphocytes, our study showed a relatively high frequency of these 


cells in the spleen. Similar results have been observed in the liver by 
others and support the concept that spleen and liver lymphocytes have 
specific, although yet unknown, immunoregulatory functions (43 ). 


Ultrastructure 


Electron microscopy (especially scanning electron microscopy), 
including the use of microcasts from the vasculature, has elucidated 
largely the functional microanatomy of the spleen. These studies have 
shown the routes that blood cells take through the spleen and have also 
clearly illustrated the pitting function of the spleen (removal of 
inclusions in erythrocytes) exerted by the sinusoids. In spleen 

examined in a diagnostic-oriented setting, however, there is hardly if 
ever the necessity of using ultrastructural studies. 


Function 


The human spleen has several important functions. However, 
splenectomy in general does not lead to impaired health, except for an 
increased risk of overwhelming postsplenectomy infections caused by 
encapsulated bacteria (e.g., pneumococci). The reason for this is that 
many functions of the spleen, at least in adults, can be taken over by 
other organs. 


In humans, the spleen is involved in the primary immune response to 
bloodborne antigens and polysaccharide antigens; it also acts as a 
regulator of immune reactions elsewhere in the body. It contains a 
specific environment that facilitates the binding of antibodies and 
antigens; cells or microorganisms covered by antibodies are trapped 
and destroyed in the spleen, as are erythrocytes that have decreased 
flexibility and lowered osmotic resistance (1 ,44 ,45 ,46 ,47 ,48 ,49 ,50 
J 
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Each of these functions takes place in a specific splenic compartment, 
which is capable of undergoing rapid changes in its size and 


composition, even under physiologic conditions. Therefore, the main 
splenic functions to be considered include blood filtering, immunologic 
function, hematopoiesis, and reservoir. 


CD2 
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12 50A+14 
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CD38 
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NS 
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NS 
HLA-DR 
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NS 

IgM 
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40A+17 
NS 

IgG 
5A+5 
3A+2 
NS 

IgA 
9A+7 
6A+2 


NS 

IgD 

36Â+12 
35A+12 

NS 

FMC7 
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30A+10 

NS 

Kappa (i) 
28A+5 

25A+8 

NS 

Lambda (Î») 
21A+5 

17A+6 

NS 
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1.3A+0.2 
1.4A+0.2 

NS 

cy Kappa (cy Î2) 
31A+6 

29A+8 

NS 

cy Lambda (cy Î») 
22A+5 
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NS 
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<1 

<1 

NS 
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29A+9 


37A+12 
NS 
TCR gamma/delta (TCR 1[3/i’) 
2A+2 
5A+1 
NS 
a NS, not significant (P >0.05). 

Normal 

(cadaveric) Reactive 
Spleen (nonmalignant) Spleen 
Cell N Mean Az s.d. P- 
Marker (% ) N Mean Az s.d.(%) value 4 


Table 32.2 Expression of Surface and Intracellular Markers by 
Human Spleen Lymphocytes 


Filter Function 


The location and specialized anatomy of the spleen is especially suitable 
for its function as a filter of the blood. Normal blood cells are capable 
of traversing the barrier of macrophages of the sheathed capillary, the 
red pulp cord macrophages, and the sinus endothelium (collectively, the 
filtering unit of the spleen) at a speed comparable to that of the blood 
in the capillary bed of other organs. However, in cases in which the 
flexibility of the red blood cell is diminished (e.g., by aging, 

intoxication, or congenital defects), the macrophages of the splenic 
filtering unit can eliminate the abnormal cell by ingesting it. The 
filtering function includes a process known as pitting, a term which is 
used to describe the removal of inclusions, such as nuclear remnants 
known as Howell-Jolly (H-J) bodies, from erythrocytes without 
destroying the cell. The presence of H-J bodies in circulating 


erythrocytes in the peripheral blood indicates the presence of splenic 
hypofunction (e.g., splenectomized patients). 
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In addition to red blood cells, the macrophages of the spleen can 
readily take up bacteria, antigens, and immune complexes. The spleen 
is capable of filtering out reticulocytes, platelets, hematopoietic stem 
cells, lymphocytes, and dendritic cells from the blood and provides the 
proper microambient conditions for their further differentiation. Also, it 
sequesters monocytes from the blood and facilitates their 
transformation into splenic macrophages (8 ). 


Immunologic Function 


The spleen playS a more important role in the development of the 
immune system, but even in adults the spleen is still involved in B- and 
T-lymphocyte production and differentiation. The spleen receives B and 
T cells from the recirculating lymphocyte pool and sorts them into 
dedicated compartments such as the follicles and the PALS, where they 
can interact with antigens and antigen-presenting cells and become 
capable of mounting effective immune responses. 


The marginal zone is a component of the B-cell follicle and is a 
remarkably larger compartment in the spleen than elsewhere (e.g., 
tonsils). Although the exact physiologic function(s) of the marginal zone 
is still unclear (42 ), its main immunologic role relates to the thymus- 
independent rapid response to bloodborne microorganisms; since these 
are rapidly trapped in the spleen and brought directly into contact with 
numerous immunocompetent cells, the spleen is well situated for this 
task. 


Hematopoiesis 


In rodents, the spleen has a large hematopoietic function, but this is 
not the case in humans. As described above, the hematopoietic function 
is only present in the fetal spleen; in the adult spleen, hematopoiesis 


does not occur (15 ). Hematopoietic cells encountered in the adult 
spleen originate from circulating, marrow-derived, progenitors/early 
precursors that become entrapped in the spleen and are capable of 
undergoing further differentiation. When this a€cephysiologica€s 
phenomenon reaches pathologic relevance by causing splenomegaly, it 
is termed splenic myeloid metaplasia or extramedullary hematopoiesis. 
Although splenic myeloid metaplasia can be seen in many different 
conditions, the most striking examples of this condition can be 
observed in patients with chronic idiopathic myelofibrosis (15 ). 


Reservoir Function 


The human spleen contains about 300 mL of blood. This is a relatively 
Small amount, in contrast to that seen in a dog or cat. In these animals, 
the spleen functions as an important blood reservoir; and in situations 
where more blood is needed, its rapid contraction can increase 
substantially the amount of circulating blood cells. It is highly doubtful 
that this function occurs at all in humans, whose splenic capsule lacks a 
Significant component of smooth muscle fibers. The spleen, however, 
does function as a reservoir for factor VIII of the clotting system, 
platelets, granulocytes, and iron. 


Aging Differences 


In infancy and childhood, the immune system is not yet fully developed, 
and this is also reflected in the histology of the spleen. The marginal 
zone is observed as a separate compartment only after four months of 
age; moreover, the marginal zone B cells in the spleen of infants have a 
different phenotype (lack CD21; IgD- and IgM-positive) compared with 
adult marginal zone B cells (51 ). An important age difference, in our 
experience, is the regular occurrence of germinal centers in the white 
pulp of normal spleens in patients younger than 20 years; older 
patients have been shown to have only rare secondary follicles (9 ). 
The often mentioned age-dependent atrophic change has only been 
documented in patients in their eighth decade of life (11 ). 


Hyalinization of vessels in the spleen is seen frequently, even in very 
young children and, therefore, does not represent a pathologic finding 
(327); 


Differential Diagnosis 


In the spleen, compartmentalized lymphoid tissue (white pulp) is 
interwoven by the filtering red pulp. Each splenic compartment reacts 
to external stimuli with physiologic changes in its composition and 
histology. As in the lymph node, the line between pathologic and 
impressive but essential physiologic reactions is vague. The amount of 
white pulp, for instance, varied from 5 to 22% of the total splenic 
tissue in a normal control group (11 ). 


As previously mentioned, normal blood cells can pass undamaged 
through the barrier of macrophages of the sheathed capillary and the 
red pulp cord tissue as well as the sinus endothelium (i.e., the filtering 
unit of the spleen) at a speed comparable with that of the blood flow in 
the capillary bed of other organs. However, when the flexibility of the 
blood cells is diminished (e.g., by aging, intoxication, or congenital 
defects), the red pulp macrophages can ingest the abnormal cells. In 
this process, the sheathed capillaries seem to lose their macrophages, 
which spread out into the surrounding red pulp or enter the sinuses to 
be transported to the liver. In cases characterized by chronic 
stimulation of the filtering function, it can be demonstrated that the 
amount and length of the capillaries increase in parallel with the 
hypertrophy of the red pulp, whereas the sheathed capillaries are less 
readily seen in the sections (26 ). In idiopathic thrombocytopenic 
purpura (ITP), remnants of 
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phagocytosed thrombocytes can be seen as periodic acid-Schiff (PAS)- 
positive fragments in cord macrophages. If blood cells are covered by 
immunoglobulins or immunocomplexes, parts of the cell membrane can 
be removed by the sinus endothelium by a€cepitting and culling,a€e 
giving rise to a spherocyte. This happens in a fashion similar to the 


removal of nuclear remnants, as previously described (15 ). 


In septicemia, the filtering compartment may show morphologic 
findings (activation and hyperplasia of macrophages) indistinguishable 
from those seen in cases of acute or chronic hemolysis; these changes 
are most likely induced by the presence of circulating 

immunocomplexes, fragmented cells, or antibody-coated cells. In these 
conditions, postmortem autolysis of the activated macrophages can lead 
to early disintegration of the red pulp cells and stroma. The septic 
spleen at autopsy thus probably represents an artifact that can be the 
result of, but is not specific for, sepsis; it, especially, should not be 
diagnosed as splenitis. True splenitis, in which the spleen contains an 
inflammatory response to a local noxious agent such as in typhoid fever 
or tropical diseases, is rare in the Western hemisphere. 
Lymphoplasmacytoid cells and plasma cells normally rim arteries and 
arterioles and extend along red pulp capillaries. This perivascular 
cellular rim also may contain some macrophages or small epithelioid 
granulomas, the significance of which is unclear. The perivascular 
presence of plasma is a normal finding and by no means justifies a 
diagnosis of splenitis, nor does the diffuse influx of granulocytes 
throughout the red pulp in specimens resected during prolonged 
surgery. 


The effects of chronic venous congestion are not clear. In our 
preliminary studies in patients dying with chronic cardiac disease, the 
so-called effect of chronic cardiac congestion on the lymphoid and 
filtering compartments appears more likely to be the effect of 
concomitant infections or is therapy mediated. In chronic venous 
congestion due to portal hypertension, the sinuses are normal in size 
but contain fewer buds and appear rigid. The amount of cord tissue and 
the number of capillaries are both decreased; in the cord tissue, an 
increase of reticular fibers (fibrocongestive splenomegaly) and 
increased expression of smooth muscle actin in reticulum cells is seen 
(26 ,36 ). Infarcts in the splenic tissue are microscopically more 
irregularly defined and poorly demarcated than could be expected 
macroscopically due to the intricate distribution of the splenic vessels. 


In three-dimensional reconstructions, capillaries from different 
arterioles are seen to cross each other with overlapping territories. 


Primary tumors of the spleen are rare. Metastatic carcinoma seems 
especially to occur in neuroendocrine tumors, including small cell 
carcinoma of the lung, with a conspicuous tendency for intrasinusoidal 
spread. Malignant lymphomas exhibit a homing pattern to specific 
splenic compartments dependent on the type of lymphoma, similar to 
that observed in other lymphoid organs (21 ). In nonlymphomatous 
hematopoietic malignancies involving the spleen, their distribution 
pattern is similar to that observed in the bone marrow: extramedullary 
erythropoiesis and megakaryopoiesis are found primarily along and 
within the sinuses of the red pulp, whereas myelomonopoiesis is found 
in proximity of the capillaries within the cord tissue. Blastic infiltration 
seen in cases of acute leukemia can be found anywhere in the spleen. 


Specimen Handling 


The spleen is quite vulnerable and, due to the large numbers of 
macrophages and granulocytes, may undergo rapid autolysis. Proper 
and rapid fixation is therefore important, and this goal is not reached 
when the entire organ is put into formalin. For proper handling, the 
specimen has to be received fresh, and handling has to be rapid. The 
organ is weighed and the surface examined. After that, the organ is cut 
into small slices of 0.5 cm. Then the cut surface is inspected carefully 
for nodules larger than normal white pulp. Ideally pieces should be 
frozen for flow cytometry, cryostat section immunohistochemistry, or 
other techniques. When no abnormalities are seen, at least three or 
four blocks are taken out randomly and processed for microscopic 
examination. 


Histologic Technique 


Routine paraffin embedding leads to shrinkage and loss of cellular 
detail. Because routine H&E staining often does not yield sufficient 


information, the use of appropriate histology techniques, such as plastic 
embedding (53 ), methenamine-silver/H&E stain (54 ), or at least, PAS 
and Gomori's reticulin stains, is necessary for an adequate morphologic 
analysis of the splenic microarchitecture (Figure 32.10 ). 


Figure 32.10 Same specimen as in Figure 32.1 . Detail of red pulp 
showing with some difficulty the structure of the sinuses (PAS stain, 
paraffin-embedded, original magnification A—200). 
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Special Procedures 


The spleen is only rarely removed for diagnostic purposes. Staging 
laparotomy is no longer part of the required diagnostic workup of a 
patient with Hodgkin's disease. Therefore, splenic pathology may be 
seen as an unsuspected incidental finding in a patient splenectomized 
for other reasons (e.g., chronic idiopathic thrombocytopenia, trauma). 
Not uncommonly, splenic lymphoma may be discovered as an incidental 
finding. A high degree of suspiciousness of the grossing pathologist is 
necessary in these case since, for optimal lymphoma diagnosis, it is 
often necessary to apply techniques that require fresh/frozen tissue, 
such as flow cytometry, frozen tissue immunohistochemistry, molecular 
analysis, and/or cytogenetics (Figure 32.8 ). 


In view of the frequent lack of fresh specimens, clonality assessment in 
a spleen is usually done by immunohistochemistry applied to paraffin- 
embedded tissue, looking for a restricted pattern of immunoglobulin 
light chain expression in B cells. This is one of the most important 
a€cespecial techniquesa€* used in routine diagnostic laboratories. In 
addition, clonality can also be established by using a polymerase chain 
reactiona€“based technique for detecting immunoglobulin gene 
rearrangement, which can also be succesfully applied to paraffin- 
embedded tissue (55 ). 


Immunohistochemistry can also be necessary to characterize other 
hematopoietic and nonhematopoietic tumors, the latter primary or 
metastatic, which can occur (although infrequently) in the spleen. In 
storage disorders such as Gaucher's disease, electron microscopy can 
be of additional value, although biochemical analysis is considered by 
most experts as the most practical and specific approach. 


Conclusion 


The human spleen has always been a somewhat enigmatic organ. 
Studies of its histology must be based on carefully selected, surgically 
excised a€oenormala€* spleens. The organ should be processed 
immediately and appropriately for optimal results. 


Previous studies by one of us of a large series of spleens with adequate 
histologic techniques and with reconstruction based on serial sections 
has shown that the spleen is a highly compartmentalized organ (Table 
32.1 ). Each compartment has its own structure and cell populations 
and often a separate function. The old division into red and white pulp 
is probably oversimplified and should be expanded. 


Human and animal spleens are different in many important structural 
aspects; data extrapolation from animal studies to humans is therefore 
problematic and often unwarranted. 
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Bone Marrow 


S. N. Wickramasinghe 


Introduction 


The bone marrow is a large and complex organ that is distributed 
throughout the cavities of the skeleton. The total mass of the bone 
marrow of an adult has been estimated to be 1600 to 3700 g, 
exceeding that of the liver. About half this mass consists of 
hematopoietically inactive fatty marrow (which appears yellow) and 
the remainder of hematopoietically active marrow (which appears 
red). Although essentially hematopoietically inactive, even fatty 
marrow contains a few scattered microscopic foci of hematopoietic 
cells. The functions of hematopoietic marrow include: (a) the 
formation and release of various types of blood cells 
(hematopoiesis), mast cells, osteoclasts and some endothelial 
progenitor cells; (b) the phagocytosis and degradation of circulating 
particulate material such as microorganisms and abnormal or 
senescent red cells and leukocytes; and (c) antibody production. 
Recent studies indicate that, in addition to hematopoietic stem cells, 
the marrow contains mesenchymal stem cells that can differentiate 
under appropriate conditions into adipocytes, hepatocytes, 
osteoblasts and osteocytes, chondrocytes, skeletal and cardiac 
muscle cells, kidney cells and neural cell lineages, but the 


interpretation of some of the data is still being debated (1). The 
nonhematopoietic marrow serves as a large store of reserve lipids. 
The various functions of hematopoietic marrow are based on a high 
degree of structural 
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organization. However, this organization is labile, altering rapidly in 
response to many stimuli. 


Techniques for Studying the Marrow 


The microscopic structure of the human bone marrow can be studied 
during life by performing a trephine biopsy of the posterior superior 
iliac spine or anterior iliac crest. This provides a core of bone and 
associated marrow. The biopsy specimen is commonly fixed in 10% 
neutral buffered formalin for 6 to 18 hr (depending on its width) but 
may be fixed in Zenker's solution for a minimum of 4 hr or in B5 
(formalin and mercury chloride) for 4 hr. The fixed specimen is 
decalcified in 10% formic acid and 1% formalin or in one of a number 
of other decalcifying reagents. It is then processed in the usual 
manner and embedded in paraffin (2,3,4). Decalcification and 
paraffin embedding result in some shrinkage of marrow tissue, loss 
of the activity of cellular enzymes, and, sometimes, blurring of 
nuclear staining. In addition, certain decalcification procedures cause 
leaching of the iron stores (i.e., of the hemosiderin present within 
macrophages). However, the reactivity of some antigens with 
antibody is retained. 


Table 33.1 Some Monoclonal and Polyclonal Antibodies that 
can be used in Immunohistochemical Studies on Sections of 
Decalcified, Paraffin-Embedded Trephine Biopsies of the 
Marrow 


Antibody 


Antigen 


Cellular 
Specificity in 
Normal Tissue 


Anti-CD34, 
QBEND10 


Leu-M1 


Antilysozyme 


NP57 


Antimyeloperoxidase 


CD34 


CD15 


Lysozyme 


Neutrophil 
elastase 


Myeloperoxidase 


Hematopoietic 
stem and 

progenitor cells, 
endothelial cells 


Neutrophil 
granulocyte 
series, 
monocytes 


Neutrophil 
granulocyte 
series, 
monoblasts, 
monocytes, 
macrophages 


Neutrophil 
promyelocytes 
and myelocytes 
(strong), 
neutrophil 
metamyelocytes 
and granulocytes 
(weak), 
monocytes 


Neutrophil 
granulocyte 


Antilactoferrin 


PG-M1, KPa€“1 


Antiglycophorin A or 
C 


Antihemoglobin A 


Antifactor- 
Villa€“related 
antigen 


Y2/51 


PD7/26, 2B11, 
antileucocyte 
common antigen 


UCHL 1 


Anti-CD3 


Lactoferrin 


CD68 


Glycophorin A or 
C 


Hemoglobin A 


von Willebrand 


factor 


CD61, GP Illa 


CD45 


CD45 RO 


CD3 


series? 


Neutrophil 
myelocytes to 
granulocytes 


Monocytes, 
macrophages 


Erythroid series 


Erythroid series 


Megakaryocytes, 
endothelial cells 


Megakaryocytes, 
platelets 


T and B 
lymphocytes, 
macrophages, 
granulocytes 
(weak) 


T lymphocytes 


T lymphocytes 


L26 


Anti-CD79a 
()CB117) 


Anti-lg light chain 
(i2 or Î») 


Anti-lg heavy chain 


CD20 


CD79a 


Light chain 


Heavy chain 


B lymphocytes, 
activated B 
lymphocytes 


B lymphocytes 


Plasma cells, 
immunoblasts, B 
lymphocytes 
(weak) 


Plasma cells, 
immunoblasts, B 


lymphocytes 
(weak) 
Leua€“7 CD57 Natural killer 
cells, some 
cytotoxic T 
lymphocytes 
AA1 Mast cell Mast cells 
tryptase 
Kia€“67, MIBa€“1 Kia€“67 nuclear Proliferating cells 
protein 
aOther than normal myeloblasts 


Histologic studies also can be performed on aspirated marrow. Two 


methods are in use. The first is to allow the marrow to clot before 
fixation and subsequent processing to paraffin. The clot sections 
obtained usually show only a few marrow fragments within a large 
mass of clotted blood. The second approach is to concentrate the 
marrow fragments by filtration or some other procedure before 
processing. This approach yields better preparations than do clot 
sections. 


Sections of paraffin-embedded marrow fragments or decalcified bone 
cores are cut to a thickness of 3 to 5 Aum and are routinely stained 
with hematoxylin and eosin (H&E), with the Giemsa's stain, by a 
silver impregnation technique for reticulin, and by Perls' acid 
ferrocyanide method for hemosiderin (Prussian blue reaction). They 
may also be stained by the periodic acid-Schiff (PAS) reaction for 
glycogen or glycoprotein. A Leder's stain for chloroacetate esterase 
may be performed on sections of marrow fragments but works poorly 
on decalcified specimens (2). A limited range of antibodies can be 
used for immunohistochemical studies on formalin- or B5-fixed, 
paraffin-embedded sections of trephine biopsy specimens, using an 
immunoalkaline phosphatase or immunoperoxidase method. The most 
useful antibodies and the cell types they recognize are given in Table 
33.1 (5,6,7,8,9,10,11). 
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The cores obtained by trephine biopsy also may be fixed in a mixture 
containing formaldehyde, methanol, and glucose phosphate buffer 
and embedded in methyl methacrylate without decalcification 
(4,12,13,14,15). Semithin sections (1â€“3 Âum thick) of the 
undecalcified methyl methacrylateâ€“embedded material then may be 
cut using a special heavy-duty microtome. Such sections show 
cellular features in much greater detail than do paraffin-embedded 
sections but have no antigenic or enzymic reactivity. On the other 
hand, if the core is appropriately fixed and embedded in glycol 
methacrylate (a water-miscible plastic) or a mixture of methyl and 
glycol methacrylate, a number of antigen epitopes and enzyme 
activities are preserved (16,17,18). 


Methyl methacrylatea€“embedded semithin sections may be stained 
(after removing the methacrylate) with H&E or gallamine 
bluea€“Giemsa for cellular detail, Gomori's stain for reticulin fibers, 
PAS stain, Berlin blue stain for iron, and Ladewig's and Goldner's 
stains for osteoid, calcified bone, and connective tissue 
(14,15,19,20,21). Trephine biopsy cores that are embedded in a 
mixture of methyl methacrylate and glycol methacrylate may be used 
for the demonstration of chloroacetate esterase, acid phosphatase, 
peroxidase, nonspecific esterase, and alkaline phosphatase, as well 
as for the immunohistochemical detection of some antigens (16,17). 


For immunohistochemical studies with the widest range of antibodies, 
frozen sections of trephine biopsy cores must be used (22,23). 
However, such sections show less cytologic detail than paraffin- 
embedded sections and tend to become distorted, making 
interpretation difficult. The distortion when cutting frozen sections 
can be reduced using a special supporting medium such as Histocon 
(Polysciences; Warrington, Pennsylvania), which does not impair 
antigenic reactivity. 


The trephine biopsy core can be used to prepare several imprints by 
gently touching it with glass slides before fixation for histology. The 
imprints so obtained are used for detailed investigations into the 
morphology and other characteristics of individual marrow cells. 
However, such studies are best performed on smears of aspirated 
marrow. In adults, marrow is aspirated from the posterior superior 
iliac spine or the iliac crest. In children, marrow is usually aspirated 
from the posterior superior iliac spine and, in the case of patients 
less than 1 year of age, also from the upper end of the medial 
surface of the tibia just below and medial to the tibial tuberosity. The 
imprints from the trephine biopsy core and marrow smears are 
usually stained by a Romanowsky method such as the May- 
GrAYanwald-Giemsa (MGG) stain and also by Perls' acid ferrocyanide 
method. The smears also may be briefly fixed under conditions that 
preserve enzyme activity and antigenic sites and used to perform 


cytochemical and immunocytochemical studies. The details of these 
techniques and their value in hematologic diagnosis have been 
discussed by Hayhoe and Quaglino (24). Antibodies useful in 
immunocytochemical studies of appropriately fixed smears include 
those listed in Table 33.1, as well as several others such as those 
against CD2 (a pan-T marker), CD19 (a pan-B marker), and CD41 or 
CD42b (megakaryocyte lineage markers). 


A thorough study of the marrow requires examination of both marrow 
Smears and tissue sections. Marrow smears are the best preparations 
for the study of cellular detail but provide little information on 
intercellular relationships and the organization of the marrow. 
Histologic sections provide this information and are therefore 
Superior to marrow smears for the detection of tumor infiltration, 
granulomas, amyloidosis, and necrosis of the marrow. They are 
essential for studying the distribution and quantity of extracellular 
reticulin and collagen fibers and may show vascular lesions (e.g., in 
thrombotic thrombocytopenic purpura and polyarteritis nodosa). 


When electron microscopic studies are to be performed, an aliquot of 
a marrow aspirate is mixed with heparinized Hanks' solution. A few 
marrow fragments are then removed without delay and placed in a 
solution of 2.5 to 4% glutaraldehyde in 0.1 M phosphate buffer (pH 
7.3). Alternatively, 1-mm pieces of the trephine biopsy core are fixed 
in glutaraldehyde for 1 hr, after which the marrow is gently teased 
out of the bone using a dissecting microscope. 


In this chapter, unless otherwise stated, the descriptions of cells in 
marrow smears apply to smears stained by a Romanowsky method. 
The electron microscopic data relate to ultrathin sections stained 
with uranyl acetate and lead citrate. Such sections were prepared 
from marrow fragments that were fixed in glutaraldehyde and 
postfixed in osmium tetroxide. 


General Features of Hematopoiesis 


Blood cells are produced in the embryo and fetus and throughout 
postnatal life. In the developing fetus and growing child, the total 
number of hematopoietic cells and blood cells increases progressively 
with time. By contrast, the hematopoietic systems of healthy adults 
are examples of steady-state cell renewal systems. In such systems, 
a relatively constant rate of loss of mature blood cells from the 
circulation is balanced by the production of new blood cells at the 
Same rate. The number of hematopoietic cells and blood cells 
therefore remains constant. 


New blood cells are eventually derived from a small number of 
hematopoietic stem cells (25), which are estimated to constitute 1 in 
104 nucleated marrow cells. These cells have two properties: (a) the 
ability to mature into all types of blood cell and (b) an extensive 
Capacity to 
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generate new stem cells and thus to maintain their own number 
(self-renewal). In humans, the existence of pluripotent hematopoietic 
stem cells with both the above properties has been demonstrated by 
the success of bone marrow transplantation. The marrow also 
contains primitive cells that form a€cecobblestonea€* foci of 
myelopoiesis under stromal cells in long-term marrow cultures 
(limited to 8a€“20 weeks); these do not have the capacity for 
extensive self-renewal or for long-term lymphopoiesis and are 
therefore considered to be more differentiated than stem cells. The 
pluripotent stem cells (25,26,27) give rise to lymphoid stem cells and 
multipotent myeloid stem cells. They may also give rise to 
endothelial cells (28). The lymphoid stem cells mature into all types 
of lymphocytes. The myeloid stem cells mature into neutrophil, 
eosinophil, and basophil granulocytes, monocytes, erythrocytes, 
platelets, mast cells, and osteoclasts. The immediate progeny of the 
lymphoid and myeloid stem cells are usually termed hematopoietic 
progenitor cells. The myeloid progenitor cells are committed to one, 
two, or a few hematopoietic differentiation pathways (i.e., are 
unipotent, bipotent, or oligopotent) and have only a limited capacity 


for self-renewal. The most immature of the myeloid progenitor cells 
are oligopotent. Such cells undergo a progressive restriction of their 
differentiation potential such that the most mature progenitor cells 
are committed to only a single line of differentiation. Hematopoietic 
progenitor cells have been identified and characterized by their 
ability to form colonies containing cells of one or more hematopoietic 
lineages in vitro and are therefore called colony-forming units (CFUs) 
or colony-forming cells (CFC). These generate colonies containing a 
mixture of granulocytes, erythroblasts, macrophages, and 
megakaryocytes and are, therefore, termed CFU-GEMM. There is 
some indirect evidence for the presence of tripotent hematopoietic 
cells (CFU-E mega baso) that give rise to erythroblasts, 
megakaryocytes, and basophil granulocytes. Bipotent hematopoietic 
progenitor cells that give rise to colonies containing granulocytes and 
macrophages are termed CFU-GM. There are also bipotent progenitor 
cells generating colonies containing a mixture of erythroblasts and 
megakaryocytes (CFU-E mega). The unipotent progenitor cells that 
give rise to neutrophil granulocytes, eosinophil granulocytes, 
basophil granulocytes, macrophages, erythroblasts, and 
megakaryocytes are described as CFU-G, CFU-eo, CFU-baso, CFU-M, 
CFU-E, and CFU-mega, respectively. These develop into the most 
immature of the morphologically recognizable blood cell precursors in 
the marrow. Thus, CFU-G develop into myeloblasts, CFU-eo into 
eosinophil promyelocytes, CFU-baso into basophil promyelocytes, 
CFU-M into monoblasts, CFU-E into pronormoblasts, and CFU-mega 
into megakaryoblasts. The stem cells and progenitor cells are found 
in both the blood and the marrow but cannot be identified on 
morphologic criteria. The characteristics of the various types of 
morphologically recognizable hematopoietic cell found in the marrow 
are described later in this chapter. The relationships between the 
different categories of cell involved in hematopoiesis are illustrated 
in Figure 33.1. 


Small numbers of bone marrow-derived hematopoietic stem cells and 
early hematopoietic progenitor cells circulate in the blood and these 


can a€cochomea€*e to the marrow. 


Two processes are involved in the formation of all types of blood 
cells. These are the progressive acquisition of the biochemical, 
functional, and morphologic characteristics of the particular cell type 
(i.e., differentiation) and cell proliferation. The latter results in the 
production of a large number of mature cells from a single cell 
committed to one or more differentiation pathways. Differentiation 
occurs at all stages of hematopoiesis, and cell proliferation occurs in 
the hematopoietic stem cells, progenitor cells and, except in the 
megakaryocytic lineage, in the more immature morphologically 
recognizable precursor cells. The nearly mature blood cells seem to 
enter the circulation mainly by passing through the endothelial cells 
of the marrow sinusoids. 


Regulation of Hematopoiesis 


Hematopoietic stem cells and early progenitor cells show low-level 
expression of transcription factors and genes specific to several 
hematopoietic lineages (multilineage priming). Commitment to a 
single lineage involves enhancement of transcription factors 
controlling the gene expression programs specific to that lineage and 
permanent silencing by those transcription factors of gene programs 
required for differentiation down other lineages. 


The mechanisms underlying the commitment of a stem cell to 
differentiate are not yet fully understood (29,30). According to one 
model, the probability of a stem cell undergoing self-renewal or 
differentiation is a stochastic process. Environmental signals (soluble 
factors, cell-cell and cella€“extracellular matrix interactions) 
mediated by specific receptor-ligand interactions operate only by 
influencing stem cell and progenitor cell apoptosis (and, thus, 
Survival) and proliferation. Another model proposes that all decisions 
taken by stem cells and progenitor cells are determined by 
environmental signals. Bone marrow stromal cells (e.g., 
macrophages, nonphagocytic reticular or fibroblastoid cells, 


adipocytes, endothelial cells) play a major role in generating such 
Signals; they provide niches for the attachment of stem cells and 
their progeny, are a source of the extracellular matrix involved in 
such attachment, and secrete various membrane-bound and soluble 
stimulatory hematopoietic growth factors and inhibitory cytokines 


(29,31,32). 
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Figure 33.1 Model 


of hematopoiesis showing the relationships 


between the various types of stem cell, 
morphologically recognizable precursor 
burst-forming units; CFU, 
GM, granulocytes and macrophages; eo, 
baso, basophil granulocytes; mega, 
neutrophil granulocytes; M, 


cell. 
colony-forming units; E, 


progenitor cell, and 
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megakaryocytes; G, 
macrophages) 


Stem cells and early hematopoietic progenitor cells interact via 
specific cell surface receptors with multilineage hematopoietic growth 
factors. The latter include stem cell factor (Steel factor, kit ligand), 
interleukin-1 (IL-1) and IL-6 for the pluripotent stem cells, and stem 
cell factor, thrombopoietin, IL-3 (multi-CSF) and granulocyte- 
macrophagea€“colony stimulating factor (GM-CSF) for the 
multipotent myeloid stem cells. The regulation of later progenitor 
cells and the morphologically recognizable hematopoietic cells is 
dependent both on multilineage growth factors and lineage-specific 
growth factors such as G-CSF, M-CSF, IL-5 (influencing CFU-eo), 
thrombopoietin and IL11 (influencing CFU-mega), and erythropoietin 
(mainly influencing late BFU-E and CFU-E). The growth factors 
influencing lymphocyte progenitor cells and precursors include IL-2, 
IL-4, IL-5, IL-6, IL-7, and IL-11 for the B lineage and IL-2, IL-3, IL- 
4, IL-7, and IL-10 for the T lineage. 


Hematopoietic growth factors are glycoproteins and influence the 
Survival, proliferation, and differentiation of their target cells via 
second messengers. In their absence, the target cells undergo 
programmed cell death (apoptosis). Some growth factors such as G- 
CSF and GM-CSF not only regulate hematopoiesis but also enhance 
the function of the mature cells. Most hematopoietic growth factors 
are produced by bone marrow stromal cells and T lymphocytes, 
either constitutively (e.g., M-CSF production by fibroblastoid cells 
and endothelial cells) or after their activation by various signals. 
Thus, fibroblastoid cells and endothelial cells that have been 
activated by macrophage-derived IL-1 or tumor necrosis factor (TNF) 
and endotoxin-stimulated macrophages produce M-CSF, GM-CSF, G- 
CSF, IL-6, and stem cell factor. Antigen- or IL-1a€“ activated T cells 
produce IL-3, IL-5, and GM-CSF. 


The main organ of erythropoietin production in postnatal life is the 
kidney, and the probable site of synthesis appears to be peritubular 
cells. About 10% of the erythropoietin is produced in the liver, which 
is the main organ of synthesis in the fetus. There is an oxygen 


sensor in the peritubular cells of the kidney, and the production of 
erythropoietin is inversely proportional to the degree of oxygenation 
of renal tissue. A limited amount of data suggest that there also may 
be paracrine or autocrine erythropoietin production in the bone 
marrow. The erythropoietin receptor is upregulated at the late BFU-E 
and CFU-E stages, and signalling through this receptor is required to 
prevent apoptosis. 


P.804 
In addition to the stimulatory cytokines mentioned above, inhibitors 
(negative regulators) of hematopoiesis are produced by 
macrophages, fibroblastoid cells, and endothelial cells. These include 
transforming growth factor-[21 (TGF-Î21), which inhibits multilineage 
progenitor cells, early erythroid progenitors, and megakaryocytes; 
TNF-Î+, which inhibits the proliferation of granulocyte precursors; 
interferon-[+, which inhibits megakaryocyte progenitors; and 
macrophage inflammatory protein-1/+ (MIP-1i+), which inhibits the 
proliferation of stem cells. 


Hematopoiesis in the Embryo and Fetus: 
Development of the Bone Marrow 


Studies in experimental animals have shown that hematopoietic stem 
cells responsible for embryonic (primitive) hematopoiesis develop in 
the yolk sac. Those responsible for fetal and postnatal (definitive) 
hematopoiesis are considered to arise in the aorto-gonad- 
mesonephros region by some investigators and the yolk sac by 
others (33,34,35). The stem cells migrate through the blood stream 
to colonize the fetal liver and other fetal tissues. 


In the human embryo, erythropoietic cells first appear within the 
blood islands of the yolk sac about 19 days after fertilization (36,37). 
A few megakaryocytes are found in these blood islands during the 
sixth and seventh weeks of gestation. Yolk sac erythropoiesis is 
megaloblastic and results in the production of nucleated red cells 


(Figure 33.2) that contain three embryonic hemoglobins (25), 
namely, hemoglobins Gower | (/4z2iu2), Gower II (Î+2Îu2), and 
Portland | (i{z2i32), and, in later embryos, hemoglobin F (i+zi 32). 


Figure 33.2 Semithin section of a _ plastic-embedded chorionic 
villus biopsy sample obtained at 7 weeks of gestation, showing a 
blood vessel containing nucleated embryonic red cells (toluidine 
blue). 


Figure 33.3 Fetal liver tissue obtained postmortem showing 
erythropoietic activity. The erythroblasts are found 
extravascularly, both within the hepatic cords and between the 
cords and the sinusoidal endothelial cells. The brown material 
within hepatocytes is formalin pigment, a common postmortem 
fixation artifact. (H&E.) 


Hematopoietic foci develop in the hepatic cords during the sixth week 
of gestation, and the liver becomes the major site of erythropoiesis 
in the middle trimester of pregnancy (38,39). During this period, 
about half the nucleated cells of the liver consist of erythropoietic 
cells (Figure 33.3). A few granulocytopoietic cells and 
megakaryocytes also are found in this organ. Fetal hepatic 
erythropoiesis is normoblastic and gives rise to nonnucleated red 
cells containing hemoglobin F. These red cells are considerably larger 
than the red cells of adults. The number of erythropoietic cells in the 
liver decreases progressively after the seventh month of gestation; a 
few cells persist until the end of the first postnatal week. 


Marrow cavities are formed as a result of the erosion of bone or 
calcified cartilage by blood vessels and cells from the periosteum 
(37). The first marrow cavity to develop is that of the clavicle (at 
about 2 months gestational age). After the formation of the marrow 
cavities, the vascular connective tissue present within them becomes 
colonized by circulating hematopoietic stem cells. The latter generate 
erythropoietic cells during the third and fourth months of gestation, 
the order of appearance of erythropoietic cells being the same as the 
order of formation of the marrow cavities. After the sixth month, the 
bone marrow becomes the major site of hematopoiesis (40). 
Erythropoiesis in fetal bone marrow is normoblastic and results in the 
production of nonnucleated red cells, which contain hemoglobins F 
and A ({+2122) and which are larger than adult red cells. The fetal 
bone marrow is the predominant site of intrauterine 
granulocytopoiesis and megakaryocytopoiesis. In this tissue, the 


myeloid/erythroid ratio (i.e., the ratio of the number of neutrophil 
precursors plus neutrophil granulocytes to the number of 
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erythroblasts) remains constant at about 1:4 after 6.5 months of 
gestation (40). 


Postnatal Changes in the Distribution of 
Red Marrow and in the Type of 
Hemoglobin 


At birth, all the marrow cavities contain red, hematopoietic marrow. 
Furthermore, the red marrow contains only a few fat cells. After the 
first four years of life, an increasing number of fat cells appears 
between the hematopoietic cells, particularly in certain regions of the 
marrow, and these regions eventually become yellow and virtually 
devoid of hematopoietic cells (41,42). Zones of yellow, fatty marrow 
are found just below the middle of the shafts of the long bones 
between the ages of 10 and 14 years and, subsequently, extend in 
both directions, distal spread being more rapid than proximal spread. 
By the age of about 25 years, hematopoietic marrow is confined to 
the proximal quarters of the shafts of the femora and humeri, the 
Skull bones, ribs, sternum, scapulae, clavicles, vertebrae, pelvis, and 
the upper half of the sacrum. Although the distribution of 
hematopoietic marrow remains essentially unaltered throughout adult 
life, its fat cell content increases slightly with increasing age and 
more substantially after the age of 70 years, in association with a 
gradual expansion of the volume of the marrow cavities. 


The percentages of hemoglobins F and A in the blood of full-term 
neonates are, respectively, 50 to 85% and 15 to 50%. The 
proportion of hemoglobin F decreases postnatally at different rates in 
different individuals, but adult levels of less than 1% are reached in 
nearly all children by the age of 2.5 years. 


Because young children have red marrow containing few fat cells in 


virtually all their marrow cavities, a rapid increase in hematopoietic 
tissue in this age group is presumably accommodated mainly by a 
reduction in the proportion of marrow space occupied by sinusoids. If 
the increase in the rate of hematopoiesis is substantial and 

prolonged (e.g., in congenital hemolytic anemias), there is an 
increase in the total volume of the marrow cavities and the 
reestablishment of extramedullary hematopoiesis in organs such as 
the liver, spleen, and lymph nodes (43). The expansion of the 
marrow cavities leads to skeletal abnormalities, such as frontal and 
parietal bossing, dental deformities, and malocclusion of the teeth. It 
also causes thinning of the cortex, which may lead to fractures after 
minor trauma. In adults, increased hematopoiesis is initially 
associated with the replacement of fat cells in red marrow by 
hematopoietic cells and also with the spread of red marrow into 
marrow cavities normally containing yellow marrow (43). If the 
increase in hematopoiesis is marked, extramedullary hematopoiesis 
may develop. 


Structural Organization of 
Hematopoietic Marrow 


The marrow cavities of most bones contain trabeculae of cancellous 
bone. The inner surface of the cortex and the outer surfaces of the 
trabeculae are lined by the endosteum, which consists of a single 
layer of cells supported on a delicate layer of reticular connective 
tissue. In most areas of the endosteum, the cells consist of very flat 
bone-lining cells (endosteal lining cells), but in some areas they 
consist of osteoblasts or osteoclasts. The marrow, which is located 
between the trabeculae, is supplied with an extensive 
microvasculature and some myelinated and nonmyelinated nerve 
fibers. It does not have a lymphatic drainage (44). The space 
between the small blood vessels contains a few reticulin fibers and a 
variety of cell types. The latter include fat cells, precursors of red 
cells, granulocytes, monocytes and platelets, lymphocytes, plasma 


cells, macrophages (phagocytic reticular cells), nonphagocytic 
reticular cells, and mast cells (4,45). 


Blood Supply 


One or more nutrient canals penetrate the shafts of the long bones 
obliquely. Each canal contains a nutrient artery and one or two 
nutrient veins. After entering the marrow, the nutrient artery divides 
into ascending and descending branches, which coil around the 
central longitudinal vein, the main venous channel of the marrow. 
The ascending and descending arteries give off numerous arterioles 
and capillaries that travel radially toward the endosteum and often 
open into a plexus of sinusoids (25). The sinusoids drain through a 
system of collecting venules and larger venous channels into the 
central longitudinal vein, which in turn drains mainly into the nutrient 
veins. In the diaphyses of long bones containing yellow fatty marrow, 
the nutrient artery gives off relatively few branches until it reaches 
the lower edge of the red marrow, where it breaks up into numerous 
vessels that penetrate the hematopoietic tissue. Many blood vessels 
of various sizes supply the marrow within flat and cuboidal bones, 
entering the marrow cavity via one or more large nutrient canals, as 
well as through numerous smaller canals. 


There are interconnections between the blood supply of the bone 
marrow and bone through an endosteal network of blood vessels. 
This network communicates both with the periosteal vessels via fine 
veins passing through the bone and with branches of the nutrient 
artery. Furthermore, studies in experimental animals have shown 
that many capillaries derived from the nutrient artery enter 
Haversian canals but swing back into the marrow and open into 
sinusoids or venules (46,47). There has been much speculation as to 
whether blood reaching the marrow from the bone contains one or 
more 

P.806 
hematopoietic factors derived from the bone or endosteal cells. 


Figure 33.4 Electron micrograph of part of the wall of a sinusoid 
from normal bone marrow. There are three tight junctions (small 
arrows) at the area of contact between two adjacent endothelial 
cells. Several pinocytotic vesicles (large arrow) are present both 
at the luminal and abluminal surface of one of the endothelial 
cells, and a single pinocytotic vesicle is present at the outer 
surface of the adventitial cell. 


The sinusoids of human bone marrow have thin walls consisting of an 
inner complete layer of flattened endothelial cells with little or no 
underlying basement membrane and an outer incomplete layer of 
adventitial cells (48). The endothelial cells are characterized by the 
presence of numerous small pinocytotic vesicles along both their 
luminal and abluminal surfaces (Figure 33.4). The nucleus is 
flattened and contains moderate quantities of nuclear 


membranea€“associated condensed chromatin. The cytoplasm also 
contains ribosomes, rough endoplasmic reticulum (RER), 
mitochondria, some microfilaments, a few lysosomes, and occasional 
fat droplets. Adjacent endothelial cells overlap and may interdigitate 
extensively. These areas of contact are characterized by (a) a strictly 
parallel alignment of the membranes of the interacting cells with a 
narrow gap between the opposing membranes and (b) short stretches 
in which the membranes fuse together, forming tight junctions (not 
true desmosomes). There is an increased electron density of the 
cytoplasm immediately adjacent to and on both sides of the tight 
junctions (Figure 33.4). Some endothelial cells show alkaline 
phosphatase activity. Endothelial cells contain no stainable iron 
except when the iron stores are increased. They produce 

extracellular matrix, stem cell factor, IL6, GM-CSF, IL-li+, IL-11, 
and G-CSF and are thus intimately involved with the regulation of 
hematopoiesis. Endothelial cells of the sinusoids allow the 
bidirectional migration of progenitor cells and hematopoietic stem 
cells through them by a mechanism involving specific binding 
molecules. 


Adventitial cells project long peripheral cytoplasmic processes, which 
may be closely associated with some extracellular reticulin fibers. 
Some of these processes lie along the sinusoidal surface, and others 
protrude outward between hematopoietic cells. Thus, adventitial cells 
are a type of reticular cell (i.e., form part of the cytoplasmic network 
or reticulum of the marrow stroma). The cytoplasm of adventitial 
cells contains ribosomes, RER, some pinocytotic vesicles, a few 
electron-dense lysosomes, occasional fat globules, and numerous 
microfilaments that are often arranged in bands. The latter are 
usually situated within the peripheral cytoplasmic processes. The 
cytoplasm of some adventitial cells appears very electron lucent. 
Adventitial cells stain strongly for alkaline phosphatase. 


Nerve Supply 


In the case of a long bone, the nerve supply enters the bone marrow 
mainly via the nutrient canal but also through a number of 
epiphyseal and metaphyseal foramina. Bundles of nerve fibers travel 
together with the nutrient artery and its branches and supply the 
Smooth muscle in such vessels or, occasionally, terminate between 
hematopoietic cells (49). 


Extracellular Matrix (Connective Tissue) 


Normal marrow contains a scanty incomplete network of fine 
branching reticulin fibers between the parenchymal cells (Figure 
33.5). A higher concentration of thicker fibers is found in and around 
the walls of the larger arteries and 
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near the endosteum; such fibers are continuous with the fibers in the 
parenchyma. Other extracellular matrix components produced by 
stromal cells include fibronectin, vascular cell adhesion molecule 
(VCAM)-1, vitronectin, thrombospondin, and proteoglycans such as 
heparan sulphate and chondroitin sulphate. 
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Figure 33.5 Section of a decalcified, paraffin-embedded trephine 
biopsy core from a hematologically normal adult, showing a scant 


network of fine reticulin fibers. The upper right-hand quadrant of 
the photomicrograph shows a circular arrangement of fibers 
associated with a blood vessel. (Silver impregnation of reticulin.) 


Stromal Cells 


The stromal cells comprise (a) osteoblasts, bone marrow fat cells 
(adipocytes), and nonphagocytic reticular cells (including 
myofibroblasts), all of which are derived from mesenchymal stem 
cells within the marrow; (b) osteoclasts, macrophages, and mast 
cells that are derived from the myeloid hematopoietic stem cell; and 
(c) endothelial cells (discussed above) that are derived either from 
the hematopoietic stem cell or a more primitive marrow cell that also 
gives rise to hematopoietic stem cells (28). Some stromal cells are 
intimately involved in the regulation of hematopoiesis. 


Osteoblasts and  Osteoclasts 


Osteoblasts are present in the endosteum in areas of deposition of 
osseous matrix (osteoid). In histologic sections, osteoblasts are 
cuboidal or pyramidal and have eccentric nuclei. Their cytoplasm is 
markedly basophilic and contains a large round pale zone. 
Osteoblasts are frequently found in a continuous layer, usually one 
or two cells thick, and appear like an area of epithelium. They 
become surrounded by the osteoid they produce and thus eventually 
become osteocytes. Osteoclasts are large multinucleate cells involved 
in bone resorption and are often found in shallow excavations on the 
surface of the bone, termed Howship's lacunae. Osteoblasts arise 
from progenitor cells closely associated with the endosteal lining 
cells. Although it is usually considered that osteoblast progenitor 
cells are not derived from hematopoietic stem cells, recent studies in 
mice indicate that osteoblasts and hematopoietic cells arise from a 
common primitive marrow cell (50). Osteoblasts produce cytokines 


such as IL6, G-CSF, and GM-CSF that influence hemopoiesis (51). 
Osteoclasts originate from the myeloid hematopoietic stem cells. The 
relationship between the osteoclast progenitor cell and other 
hematopoietic progenitor cells (e.g., CFU-GEMM, CFU-GM, CFU-M) is 
not yet clear (52). 


Romanowsky-stained normal marrow smears may contain groups of 
osteoblasts or individual osteoclasts. In such preparations, 
osteoblasts have an oval or elongated shape and are 20 to 50 Aum in 
diameter. They have abundant basophilic cytoplasm, often with 
somewhat indistinct margins, and a single small eccentric nucleus 
with only small quantities of condensed chromatin and with one to 
three nucleoli. The cytoplasm contains a rounded pale area 
corresponding to the Golgi apparatus, which often is situated some 
distance from the nucleus (Figure 33.6). Osteoblasts stain positively 
for alkaline phosphatase activity. They superficially resemble plasma 
cells, but the latter are smaller, contain heavily stained clumped 
chromatin, and have a Golgi zone situated immediately adjacent to 
the nucleus. Osteoclasts appear as giant multinucleate cells with 
abundant pale blue cytoplasm containing many azurophilic (purple- 
red) granules (Figure 33.7). The individual nuclei are rounded in 
outline, uniform in size, contain a single prominent nucleolus, and do 
not overlap. Osteoclasts are strongly acid phosphatase positive. They 
must be distinguished from the other polyploid giant cells in the 
marrow, the megakaryocytes. These are usually not multinucleate 
but contain a single large lobulated nucleus. 


Figure 33.6 Group of osteoblasts from a May-GrAYanwald- 
Giemsa (MGG)a€“stained smear of normal bone marrow. 


Figure 33.7 A multinucleate osteoclast from an MGG-stained 
smear of normal bone marrow. 


Figure 33.8 Section of a decalcified, paraffin-embedded trephine 
biopsy core from a hematologically normal adult. About 70% of 
the area of marrow tissue in this photomicrograph is occupied by 
fat cells. There may be a substantial variation in cellularity in 
different parts of the same section. (H&E.) 
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Fat Cells 


The number of fat cells in hematopoietic bone marrow varies 
markedly with age (53,54). In normal adults, 30 to 70% of the area 
of a histologic section of hematopoietic marrow consists of fat cells 
(Figures 33.8,33.9). Fat cells are the largest cells in the marrow, and 
sections of such cells have average diameters of about 85 Aum. 
Ultrastructural studies show that these cells have a single large fat 
globule at their center and a narrow rim of cytoplasm at their 
periphery. This cytoplasmic rim contains a flattened nucleus, several 
small lipid droplets, ribosomes, strands of endoplasmic reticulum, 
and several mitochondria. The fat cells of the bone marrow only have 
small quantities of reticulin and collagen fibers around them. They 
are in intimate contact with vascular channels, macrophages, and all 


types of hematopoietic cells. Marrow fat cells seem to be formed by 
the accumulation of lipid within adventitial cells, other nonphagocytic 
reticular cells, and, possibly, sinus endothelial cells. Whenever there 
is an increase or decrease in the number of hematopoietic cells in 
bone marrow, there is a corresponding decrease or increase, 
respectively, of the number of fat cells so that the intersinusoidal 
Space within marrow cavities is always fully occupied by cells. The 
mechanisms underlying this inverse relationship between the mass of 
fat cells and hematopoietic cells in the marrow are uncertain. In 
severe anorexia nervosa or cachexia secondary to chronic disorders, 
such as tuberculosis or carcinoma, there is a marked reduction in fat 
cells, often together with a reduction in hematopoietic tissue. In 
these conditions, the space normally occupied by cells is filled with a 
gelatinous extracellular substance composed of acid 
mucopolysaccharide (55). 


Figure 33.9 Semithin section of an undecalcified, plastic- 
embedded trephine biopsy core from a hematologically normal 
adult. A wide sinusoid containing red cells is seen passing 
vertically between some fat cells. (H&E.) 


Macrophages (Phagocytic Reticular Cells) 


The bone marrow contains many macrophages. The frequency of this 
cell type is best appreciated in sections of trephine biopsies stained 
for an antigen found in macrophages such as CD68 (Figure 33.10) or 
in electron micrographs of ultrathin sections of marrow fragments 
rather than in smears of aspirated bone marrow. In H&E-stained 
sections of trephine biopsies, macrophages appear as moderately 
large cells with abundant cytoplasm. In Romanowsky-stained marrow 
smears, they appear as irregularly shaped cells 20 to 30 Aum in 
diameter and have a round or oval nucleus with pale, lacelike 
chromatin and one or more large nucleoli. The cytoplasm is 
voluminous, stains pale blue, and contains azurophilic granules, 
vacuoles, and variously sized inclusions consisting of 
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phagocytosed material (Figure 33.11A). Macrophages are derived 
from monocytes and, therefore, eventually from the hematopoietic 
stem cells. 


Figure 33.10 Immunohistochemical demonstration of 
macrophages in a section of a paraffin-embedded trephine biopsy 
core from a hematologically normal subject. The section was 
reacted with the monoclonal antibody PG-M1 (against CD68) and 


the reaction visualized using an immunoperoxidase technique. 


Figure 33.11 Macrophages from normal bone marrow smears. A. 
Macrophage containing a black extruded erythroblast nucleus and 
several intracytoplasmic inclusions of various shapes, sizes, and 
staining characteristics. The large pale rounded inclusions may 
represent degraded red cells (MGG). B. Macrophage containing 
several PAS-positive cytoplasmic granules, together with a PAS- 
negative late erythroblast and several PAS-positive neutrophil 
myelocytes and granulocytes. C: Macrophage showing strong [+- 
naphthyl acetate esterase activity, surrounded by six unreactive 
erythroblasts. The diazonium salt of fast blue BB was used as the 
capture agent. 


In unstained smears and sections of normal marrow and in Giemsa- 
or H&E-stained sections, macrophages may show refractile yellow- 
brown hemosiderin-containing intracytoplasmic inclusions, which vary 
between 0.5 and 4 Aum in diameter. These appear as blue or blue- 
black granules when stained by Perls' acid ferrocyanide method. This 
stain also may color the entire cytoplasm a diffuse pale blue (Figure 
33.12). The amount of iron-positive granules within the marrow 
fragments on a marrow smear (Figure 33.13) or the amount in a 
histologic section of a trephine biopsy sample may be assessed 
semiquantitatively and is a useful guide to the total iron stores in the 
body (56). Stainable iron is absent or virtually absent in iron 
deficiency (with or without anemia) and increased in conditions such 
as hereditary hemochromatosis or transfusion-induced iron overload. 
Macrophages contain PAS-positive material and are strongly positive 
for Î+-naphthyl acetate esterase (Figure 33.11Ba€“C) 
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and acid phosphatase. They do not stain for Î+-naphthol AS-D 
chloroacetate esterase activity (57), and most do not stain with 
Sudan black. Some macrophages appear to stain positively for 
alkaline phosphatase activity. 


Figure 33.12 Section of a paraffin-embedded normal marrow 
fragment (clot section). The macrophage in the center shows 
blue hemosiderin-containing intracytoplasmic granules and a 
diffuse bluish coloration of the cytoplasm (Perls' acid 
ferrocyanide reaction). 


Figure 33.13 Marrow fragment from a normal marrow smear 
stained by Perls' acid ferrocyanide reaction. The dark blue 
granular material represents hemosiderin within macrophages. 


Ultrastructural studies of marrow fragments show that macrophages 
form long cytoplasmic processes at their periphery and that such 
processes extend for considerable distances between various types of 
hematopoietic cells (Figure 33.14). Some cytoplasmic processes 
protrude through the endothelial cell layer into the sinusoidal lumen 
(Figure 33.15) and appear to be involved in recognizing and 
phagocytosing circulating microorganisms and senescent or damaged 
erythrocytes and granulocytes. The nucleus often has an irregular 
outline and contains small to moderate quantities of nuclear 


membranea€“associated condensed chromatin. The cytoplasm has 
many strands of RER, scattered ferritin molecules, a well-developed 
Golgi apparatus, several mitochondria, a number of small or medium- 
sized homogeneous electron-dense primary lysosomes of variable 
shape, and a number of large inclusions. Some of the latter have a 
complex ultrastructure with both electron-dense and electron-lucent 
areas and myelin figures and may contain numerous ferritin and 
hemosiderin molecules; these appear to represent secondary 
lysosomes with residual material from phagocytosed cells (Figure 
33.16). Other large inclusions can be recognized readily as 
granulocytes (Figure 33.17), extruded erythroblast nuclei, and 
erythrocytes at various stages of degradation. A few reticulin fibers 
may be found in contact with parts of the cell surface. 


Macrophages are present within erythroblastic islands (Figure 
33.11C), plasma cell islands, and lymphoid nodules but also may 
occur elsewhere in the marrow parenchyma. Some are found 
immediately adjacent to the endothelial cells of sinusoids, forming 
part of the adventitial cell layer. Bone marrow macrophages not only 
function as phagocytic cells but also generate various hematopoietic 
growth factors 
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(e.g., c-kit ligand or stem cell factor, M-CSF, IL-1, and G-CSF) and 
are thus involved in short-range regulation of lymphopoiesis and 
myelopoiesis. They presumably also are involved in antigen 
processing. 


Figure 33.14 Electron micrograph of three erythroblasts from a 
normal marrow showing fine processes of macrophage cytoplasm 
extending between the cells. 


Figure 33.15 Electron micrograph of a sinusoid from a normal 
bone marrow. A process of macrophage cytoplasm is seen 
protruding through the lining endothelial cell into the sinusoidal 
lumen. Serial sectioning of this sinusoid showed that the mass of 
macrophage cytoplasm occupying the right-hand side of the 
sinusoidal lumen connected transendothelially with a second 
extrasinusoidal cytoplasmic process. Both processes arose from 
the same macrophage. 


Figure 33.16 Electron micrograph of a macrophage lying next to 
an early polychromatic erythroblast in a normal bone marrow. 
The nucleus of the macrophage is irregular in outline, and its 
cytoplasm contains several inclusions and vacuoles. Some of the 
inclusions are ultrastructurally complex and probably represent 
secondary lysosomes. There are some reticulin fibers (arrow) 
near the macrophage. 


Figure 33.17 Electron micrograph of a macrophage from normal 
bone marrow. The cytoplasm contains two phagocytosed 
neutrophils and a large number of other inclusions of varying 
size, shape, and appearance. 


Nonphagocytic Reticular Cells 


In Romanowsky-stained marrow smears, nonphagocytic reticular cells 
have an irregular or spindle shape and resemble macrophages except 
that they lack large intracytoplasmic inclusions. Light microscope 
cytochemical and histochemical data indicate that these cells are 
PAS-negative, strongly positive for alkaline phosphatase, negative for 
acid phosphatase, negative or only weakly positive for {+-naphthyl 
acetate esterase, and negative for stainable iron. Thus, there seems 
to be some overlap between the cytochemical characteristics of 
nonphagocytic reticular cells and macrophages (57,58). In the case 
of mice and rats, however, light and electron microscopic 
cytochemical data have clearly established the existence of two 
distinct types of reticular cells in the marrow stroma: (a) fibroblast- 


like nonphagocytic reticular cells that have cell 
membranea€“associated alkaline phosphatase and no acid 
phosphatase and (b) macrophage-like phagocytic reticular cells that 
are positive for acid phosphatase but not for alkaline phosphatase 
(59). 


Figure 33.18 Electron micrographs of two nonphagocytic 
reticular cells from normal bone marrow. The nuclear outline of 
one of these cells (A) shows several deep clefts and that of the 
other (B) is less irregular. 


Electron microscopic studies of nonphagocytic reticular cells in 
human bone marrow (48,60,61) have shown that, like macrophages, 
these cells extend branching cytoplasmic processes between 


hematopoietic cells and are in contact with extracellular reticulin 
fibers (Figure 33.18). However, unlike macrophages, they do not 
have secondary lysosomes or have only an occasional secondary 
lysosome. They may contain variable numbers of filaments or a few 
small fat globules in their cytoplasm. The intracytoplasmic filaments 
sometime occur in bundles, and the cells are then _ ultrastructurally 
indistinguishable from adventitial cells. It is possible that the 
nonphagocytic reticular cells comprise a number of different cell 
types including fibroblasts or myofibroblasts, adventitial cells, and 
cells whose functions have not yet been defined. Myeloid cell and B- 
lymphoid progenitors are located adjacent to myofibroblasts. 
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Figure 33.19 Two mast cells, one rounded (A) and one 
elongated (B) from MGG-stained smears of bone marrow. 
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At least some of the nonphagocytic reticular cells arise from a 
mesenchymal stem cell capable of giving rise to colonies of 
fibroblast-like or myofibroblast-like cells in vitro. As mentioned 
earlier, nonphagocytic reticular cells appear to play an important role 
in the microenvironmental regulation of hematopoiesis, both by 
binding to primitive hematopoietic cells (62) and by producing certain 


hematopoietic growth factors both constitutively and in response to 
stimulation by monokines (63). In mice and presumably also in 
humans, they synthesize collagen (types | and III) and fibronectin. 


Mast Cells 


Mast cells tend to be found in association with the periphery of 
lymphoid follicles and the adventitia of small arteries and adjacent to 
the endosteal cells of bone trabeculae and the endothelial cells of 
sinusoids. 


It is now known that the hematopoietic stem cells generate 
morphologically unrecognizable progenitors of mast cells within the 
bone marrow (64) and that the most mature of these cells enter the 
blood (65,66). The circulating cells, which still lack mast cell 
granules, migrate into the tissues, where they proliferate and mature 
into mast cells. Mast cells and basophils appear not to share a 
common early progenitor cell (67). 


Unlike the granules of basophils, which are very water soluble, those 
of mast cells are much less so. Nevertheless, mast cells are not 
easily recognized in sections of marrow stained with H&E. By 
contrast, they are readily identified in sections stained with the 
Giemsa stain. In such sections, mast cells have round, oval, or 
spindle-shaped outlines and many dark purple cytoplasmic granules. 
The nucleus is often oval and may be situated eccentrically. 
Immunochemical staining can be performed using the antibody AAI, 
which reacts with mast cell tryptase (10) and does not cross-react 
with basophils. In Romanowsky-stained marrow smears, mast cells 
vary between 5 and 25 Aum in their long axis and tend to have an 
ovoid or elongated shape (Figure 33.19Aa€“B). The cytoplasm is 
packed with coarse purple-black to red-purple granules; but, unlike 
in basophil granulocytes, the granules seldom overlie the nucleus. 
The nucleus is small, round or oval, and either centrally or 
eccentrically located. It contains less condensed chromatin than that 
of a basophil granulocyte. The granules of mast cells are rich in 


heparin and stain metachromatically with toluidine blue. Mast cells 
are also peroxidase negative, PAS positive, acid phosphatase 
positive, and ji+-naphthol AS-D chloroacetate esterase positive. 
Unlike basophil granulocytes, mast cells are capable of mitosis. 


In the electron microscope, the granules of mast cells vary 
considerably in appearance. They may be homogeneously electron 
dense, have areas of increased electron density at their centers, or 
contain parallel arrangements, whorls, or scrolls of a crystalline or 
fibrillar structure (Figures 33.20Aa€“B). The nucleus contains 
moderate quantities of condensed chromatin. In addition to the 
numerous granules, the cytoplasm contains some mitochondria, a 
few short strands of endoplasmic reticulum, occasional lipid droplets, 
and some fibrils. 


Hematopoietic Cells 


Lymphocytes and Plasma Cells 


Histologic sections of normal marrow show nodules of small 
lymphocytes that are 0.08 to 1.2 mm in diameter and contain 
occasional reticular cells (68) (Figure 33.21A), as well as much 
smaller lymphoid aggregates; these nodules and aggregates are 
usually found in the intertrabecular and perivascular areas and are 
rarely found immediately adjacent to trabeculae. Paratrabecular 
nodules and aggregates are characteristic of infiltration by malignant 
lymphoid cells. In normal marrow, the prevalence of lymphoid 
nodules increases with age. About 20% of such nodules are irregular 
in outline, poorly circumscribed, and often contain several fat cells 
and a few eosinophils between the lymphocytes; they do not contain 
germinal centers, and their 
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reticulin content is normal for marrow or only slightly increased. The 
remaining 80% are rounded or oval, well circumscribed, and 
compact, and they have a follicular structure with blood vessels at 


their center and some plasma cells and mast cells toward their 
periphery. Well-developed germinal centers are seen in about 5% of 
the sections. Lymphocytes extend between surrounding fat cells, and 
the entire nodule may be surrounded by eosinophils. The reticulin 
content of such a lymphoid nodule is clearly increased (Figure 
33.21B). Immunohistochemical studies indicate that the lymphocytes 
within such nodules are of both T and B phenotypes (mainly T). 


Figure 33.20 Electron micrographs of mast cells from normal 
bone marrow. A. The cytoplasm is packed with characteristic 
granules and contains four lipid droplets. B. Granules from a 
mast cell at high magnification showing parallel lamellae. 


Figure 33.21 Lymphoid nodule in a _ paraffin-embedded trephine 
biopsy core from a woman without any evidence of a 
lymphoproliferative disorder. A. Section stained with hematoxylin 
and eosin showing a nodule (top right) incorporating fat cells at 
its periphery. B. Parallel section stained by a silver impregnation 
technique, showing increased reticulin in the nodule 
(photographed at higher magnification than A). 
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Figure 33.22 Immunohistochemical studies on sections of 
paraffin-embedded trephine biopsy cores. The reactions were 
visualized using an immunoalkaline phosphatase method. A. 
Section reacted with anti-lg Î2 light chains, showing plasma cells 
aligned along a blood vessel. B. Section reacted with anti-lg i» 
light chains showing a cluster of plasma cells. There are fewer 
positive plasma cells with anti-Îẹ chain than anti-[2 chain 
antibody. C. Section reacted with antimyeloperoxidase antibody 
showing positively-stained promyelocytes and more mature cells 
of the neutrophil granulocyte series. Note the presence of stained 
cells along the endosteal surface of the bone trabeculum. D. 
Section reacted with antibody against factor VIIla€“related 
antigen showing positively stained megakaryocytes and linearly 
arranged endothelial cells. One of the megakaryocytes is closely 


apposed to the blood vessel. (Courtesy of Dr. Alex Rice, 
Department of Histopathology, St. Mary's Hospital, London). 


T and B lymphocytes (with more T than B cells) and plasma cells also 
are found unassociated with lymphoid nodules. Lymphocytes are 
found scattered between hematopoietic cells, and plasma cells are 
often present in small groups, surrounding a central macrophage or 
sheathing some small blood vessels.There are more {2 than Î» light 
chaina€“positive plasma cells (Figure 33.22Aa€“B). 


Precursors of Red Cells, Granulocytes, 
Monocytes, and Platelets 


The early granulocytopoietic cells (myeloblasts and promyelocytes) 
mainly are found near the endosteum of bone trabeculae and the 
adventitial aspects of arterioles (Figure 33.22C). Maturing 
granulocyte precursors radiate outward from these sites, and the 
neutrophil granulocytes often are found in the center of 
intertrabecular areas, adjacent to sinusoids. A few promyelocytes 
and myeloctyes are present singly or in small clusters at sites away 
from bone trabeculae and blood vessels. Erythroblasts and 
megakaryocytes are also found away from the endosteum. The 
erythroblasts occur in one or two layers surrounding one or two 
central macrophages; the late erythroblasts and marrow reticulocytes 
usually are situated next to sinusoids. The megakaryocytes usually 
lie near sinusoids (Figure 33.22D) and protrude cytoplasmic 
processes into their lumina; these processes discharge platelets 
directly into the microcirculation. 


Hematopoietic Cells: Characteristics in 
Marrow Smears and Ultrastructure 


Neutrophil Precursors 


The earliest morphologically recognizable neutrophil precursor is 
termed the myeloblast. The successive cytologic 
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classes through which myeloblasts mature into circulating neutrophil 
granulocytes are termed neutrophil promyelocytes, neutrophil 
myelocytes, neutrophil metamyelocytes, juvenile neutrophils, and 
marrow neutrophil granulocytes (Figures 33.23,33.24). Cell division 
occurs in myeloblasts, promyelocytes, and myelocytes but not in 
more mature cells. 


Figure 33.23 Neutrophil precursors from an MGG-stained normal 
marrow smear. A. A myeloblast, an early promyelocyte, and a 
late promyelocyte/early myelocyte. B. A promyelocyte and a 
neutrophil granulocyte. 


A myeloblast is 10 to 20 Aum in diameter. It has a large rounded 
nucleus with finely dispersed chromatin and two to five nucleoli. The 
nucleus-to-cytoplasm ratio is moderately high, and the cytoplasm is 
basophilic and nongranular. It is likely that only some mvyeloblasts 
mature into neutrophil promyelocytes and that others mature into 
eosinophil or basophil promyelocytes. 


Neutrophil promyelocytes are larger than myeloblasts and have 
basophilic cytoplasm containing a few to several purple-red 
(azurophilic) granules. The nuclear chromatin pattern is slightly 
coarser than in myeloblasts, and there may be prominent nucleoli. 
The neutrophil myelocytes are characterized by the presence in their 
cytoplasm of many fine light pink (neutrophilic) granules in addition 
to some azurophilic granules; the neutrophilic granules also are 
termed specific granules. The nucleus is often eccentric and is round, 
oval, or slightly indented. The nuclear chromatin is coarsely granular, 
and the nucleoli are indistinct. The cytoplasm occupies a larger 
fraction of the cell volume than in promyelocytes; it initially appears 
pale blue but subsequently becomes predominantly pink. The 
progressive reduction of cytoplasmic basophilia during the maturation 
of a myeloblast to a mature myelocyte results largely from a 
reduction of blue-staining cytoplasmic RNA. The neutrophil 
metamyelocyte has a C-shaped nucleus and an acidophilic cytoplasm 
containing numerous fine neutrophilic granules. Few or no azurophilic 
granules are seen. Juvenile neutrophils (also called band or stab 
forms) have U-shaped or long, relatively narrow, bandlike nuclei that 
are often twisted into various configurations. The nuclei contain large 
clumps of condensed chromatin and may show one or more partial 
constrictions along their length. These constrictions become 
progressively more complete and eventually develop into the fine 
strands of chromatin that are typical of the segmented nuclei of 
marrow and blood neutrophil granulocytes. Most neutrophil 
granulocytes have two to five nuclear segments that are joined 
together by such strands. Some of the neutrophil granulocytes of 
females have a drumsticklike nuclear appendage (representing an 
inactivated X chromosome) attached to one of the nuclear segments. 


Figure 33.24 Two neutrophil myelocytes (one large and one 
small), a neutrophil metamyelocyte, and a juvenile neutrophil 
(stab form) from a normal marrow smear. 


Cytochemistry 


When stained by the PAS reaction, myeloblast cytoplasm shows a 
diffuse, pale red-purple tinge, sometimes with fine granules of the 
same color. Myeloblasts either do not stain with Sudan black or show 
a few small sudanophilic granules near the nucleus. They are also 
peroxidase-negative and, usually, {[+-naphthol AS-D chloroacetate 
esterasea€“negative. The cytoplasm of neutrophil promyelocytes and 
P.816 
more mature cells of the neutrophil series stain positively with the 
PAS reagent, with Sudan black, and with reactions for peroxidase and 
Î+-naphthol AS-D chloroacetate esterase activity. A granular staining 
pattern is produced with all these cytochemical reactions (Figure 
33.25). The intensity of staining increases in cell classes of 
increasing maturity with the PAS reaction and, to a lesser extent, 
with Sudan black. Promyelocytes and neutrophil myelocytes, but not 
neutrophil granulocytes, stain for Î+-naphthyl acetate esterase 


activity and, more weakly, for {+-naphthyl butyrate esterase activity. 
Acid phosphatase activity is present in cells at and after the 
promyelocyte stage; this activity is strongest in the immature cells 
and weak in neutrophil granulocytes. A few neutrophil 
metamyelocytes stain weakly for alkaline phosphatase activity, and 
segmented neutrophil granulocytes stain with a variable intensity 
(weak to strong) (24,69,70,71). Immunocytochemical studies 
indicate that both lysozyme (muramidase) and elastase are present 
in promyelocytes and all of the more mature cells of the neutrophil 
series and that lactoferrin is present in neutrophil myelocytes, 
metamyelocytes, and granulocytes. 


Figure 33.25 Cytochemical reactions of neutrophil precursors 
and neutrophil granulocytes. A. Faint PAS positivity in neutrophil 
myelocytes and stronger positivity in neutrophil granulocytes. 


The three erythroblasts are PAS negative. B. Sudan black 
positivity in two neutrophil myelocytes, one eosinophil 
myelocyte, a neutrophil metamyelocyte, and a neutrophil 
granulocyte. The lymphocytes and erythroblasts are 
Sudanophobic. C. Strong peroxidase positivity in neutrophil 
myelocytes and granulocytes; p-phenylene diamine and catechol 
were used as the substrate. D. Alpha-naphthol AS-D 
chloroacetate esterase positivity in three neutrophil myelocytes 
and a neutrophil granulocyte. The two erythroblasts have not 
stained. The diazonium salt of fast violet-red LB was used as the 
capture agent. 


Ultrastructure 


Myeloblasts show no special ultrastructural features (72,73,74,75). 
The nucleus has one or more well-developed nucleoli and shows only 
Slight peripheral chromatin condensation. The cytoplasm contains 
many ribosomes but only a few strands of endoplasmic reticulum and 
a poorly developed Golgi apparatus. By contrast, the cytoplasm of a 
promyelocyte is much more complex, being rich in ribosomes, RER, 
and mitochondria. It also contains a highly developed Golgi 
apparatus. During the maturation of a promyelocyte to a neutrophil 
granulocyte, there is a progressive increase in the degree of 
condensation of nuclear chromatin; a progressive reduction in the 
quantity of ribosomes, RER, and mitochondria; a diminution of the 
Golgi apparatus after the myelocyte stage; and the accumulation of 
large quantities of glycogen at the metamyelocyte and 
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granulocyte stages. The cytoplasm of a _ promyelocyte 
characteristically contains a variable number of immature and mature 
primary granules. Mature primary granules are elliptical, measure 0.5 
to 1.0 Aum in their long axis, are electron dense, and contain 
peroxidase, lysozyme, elastase, [+1 antitrypsin, and sulphated 


mucosubstances. Some have a core with a linear periodic 
substructure. Ultrastructurally different granules, the secondary 
granules, are found in addition to primary granules at the neutrophil 
myelocyte stage (Figures 33.26,33.27). Secondary granules are 
larger and less electron dense than primary granules, have rounded 
outlines, tend to undergo a variable degree of extraction, and are 
only peroxidase positive if a high concentration of diaminobenzidine 
is used at alkaline pH. They contain lysozyme and vitamin Bi2 
binding protein. Another variety of granule, known as tertiary 
granules, is present at and after the metamyelocyte stage. These 
granules are small (0.2a€“0.5 Aum in their long axis), pleomorphic 
(including rounded, elongated, or dumbbell-shaped forms), and 
peroxidase negative. Their electron density is usually between that of 
primary and secondary granules (Figure 33.28). Other electron 
microscopic cytochemical studies have shown that acid phosphatase 
is present in primary granules but not in secondary or tertiary 
granules. The above data on the distribution of peroxidase and acid 
phosphatase suggest that secondary and tertiary granules do not 
arise from the modification of primary granules but are synthesized 
de novo at the myelocyte and metamyelocyte stages, respectively 
(72). Immunoelectron microscopy has demonstrated that lactoferrin 
is only found in some of the granules at and after the neutrophil 
myelocyte stage. The alkaline phosphatase activity in neutrophil 
granulocytes is present within small membrane-bound 
intracytoplasmic vesicles called phosphosomes. 


Figure 33.26 Electron micrograph of an immature neutrophil 
myelocyte from normal bone marrow. The nucleus contains a 
prominent nucleolus and a small quantity of nuclear 
membranea€“associated condensed chromatin. The cytoplasm 
contains several strands of endoplasmic reticulum, a prominent 
paranuclear Golgi apparatus, and two ultrastructurally distinct 
types of granules. 


Figure 33.27 Part of the cytoplasm of the cell in Figure 33.26 at 
higher magnification. Two types of granules can be clearly 
recognized. These are (a) rounded or elliptical, very electron- 
dense primary granules (formed at the promyelocyte stage) and 
(b) larger, rounded, less electron-dense secondary granules 
(formed at the myelocyte stage). 


The primary granules observed with the electron microscope 
correspond to the azurophilic granules seen in Romanowsky-stained 
Smears, and the secondary and tertiary 
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granules correspond to the neutrophilic or specific granules. Although 
primary granules are present in all granule-containing cells of the 
neutrophil series, they lose their azurophilic property and are 
therefore not detectable by light microscopy at and after the 
metamyelocyte stage. 


Figure 33.28 Electron micrograph of a neutrophil granulocyte 
from a normal bone marrow. In addition to some primary and 
secondary granules, the cytoplasm contains several small 
pleomorphic tertiary granules. 


Eosinophil and Basophil Precursors 


The eosinophil and basophil granulocytes develop through stages that 
are essentially similar to those through which the neutrophil 
granulocytes develop. The earliest morphologically recognizable 
precursors are cells in which a few eosinophil or basophil granules 
have formed, that is, the eosinophil promyelocytes and basophil 
promyelocytes. Eosinophil promyelocytes have rounded nuclei with 
dispersed chromatin and nucleoli and contain two types of granules: 
large red-orange (eosinophilic) granules and large bluish granules. 
Eosinophil myelocytes (Figure 33.29), metamyelocytes, and 
granulocytes have only large eosinophilic granules. Basophil 
myelocytes, metamyelocytes, and granulocytes are characterized by 


the presence of large, round, deeply basophilic granules that often 
overlie the nucleus (Figure 33.30); the more mature granules stain 
metachromatically with toluidine blue. The majority of circulating 
eosinophil and basophil granulocytes have two nuclear segments. 


Cytochemistry 


The granules of eosinophil and basophil granulocytes and their 
precursors do not stain by the PAS reaction (24,76). However, PAS- 
positive deposits are found between the specific granules in both cell 
lineages. The periphery of the eosinophil granules of all cells of the 
eosinophil series stains strongly with Sudan black, and the core 
stains weakly or not at all. Basophil granules are strongly 
Sudanophilic in basophil promyelocytes and myelocytes, but the 
degree of sudanophilia decreases with increasing maturity; in mature 
basophils, the granules either do not stain or stain metachromatically 
(reddish). Peroxidase and acid phosphatase but not lysozymes are 
demonstrable in the eosinophil granules in all eosinophil precursors 
and eosinophils. Human eosinophil peroxidase is biochemically and 
immunochemically distinct from myeloperoxidase, the type of 
peroxidase present in the neutrophil series. In the basophil series, 
the granules are strongly positive for peroxidase in basophil 
promyelocytes and myelocytes, weakly positive in basophil 
metamyelocytes, and almost negative in basophil granulocytes. 
Basophil granules stain positively for acid phosphatase. Basophil and 
eosinophil granulocytes are essentially negative for Î+-naphthol AS-D 
chloroacetate esterase and ji+-naphthyl butyrate esterase. 


Figure 33.29 Cells from an MGG-stained normal bone marrow 
smear. The cell types shown are, from left to right, an eosinophil 
myelocyte, a plasma cell, a neutrophil granulocyte, and a 
lymphocyte. 


Figure 33.30 Basophil granulocyte from an MGG-stained normal 
marrow smear. 


Eosinophil granules contain eosinophil cationic proteins and an 
arginine- and zinc-rich major basic protein that are involved in the 
killing of metazoan parasites. The major basic protein also stimulates 
basophils and mast cells to release histamine. Other constituents of 
eosinophil granules include histaminase and arylsulfatase, which are 
involved in the modulation of immediate-type hypersensitivity 
reactions. Basophil granules contain chondroitin sulfate and heparin 
sulfate, which account for their property of staining 
metachromatically (red-violet) with toluidine blue. They also contain 
histamine, one of the substances released when immunoglobulin E 
(IgE)-coated basophils react with specific antigen. 


Ultrastructure 


On the basis of their electron microscopic features, two types of 
eosinophil granules, termed primary and secondary granules, are 
recognized (75,77). Primary granules are large, rounded, 
homogeneous, and electron dense, and 
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secondary granules contain a central electron-dense crystalloid 
inclusion consisting largely of polymerized major basic protein. It is 
generally held that the primary granules mature into secondary 
granules. Early eosinophil promyelocytes contain only primary 
granules, but more mature promyelocytes contain many primary and 
a few secondary granules. Eosinophil myelocytes contain some 
primary and several secondary granules (Figure 33.31). By contrast, 
the majority of the granules in eosinophil metamyelocytes and 
granulocytes are secondary granules (Figure 33.32). The primary 
granules of eosinophil promyelocytes are larger and more rounded 
than the primary granules of neutrophil promyelocytes and 


promonocytes. 


Figure 33.31 Electron micrograph of part of the cytoplasm of an 
early eosinophil myelocyte. A centriole surrounded by well- 
developed Golgi saccules, several strands of rough endoplasmic 
reticulum, and a number of large granules are seen. Some of the 
granules are homogeneously electron dense (primary granules), 
but others have a central crystalloid (Secondary granules). 


Cells of the basophil series contain characteristic basophil granules, 
which are prone to undergo varying degrees of extraction during 
processing for electron microscopy (Figure 33.33). Basophil granules 
are made up of numerous, closely packed, fine rounded particles 
(Figure 33.34); the particles are about 20 nm in diameter in mature 


basophils and slightly smaller in basophil promyelocytes and 
myelocytes. 


Monocyte Precursors 


The morphologically recognizable cells belonging to the monocyte 
series are the monoblasts, promonocytes, marrow monocytes, and 
blood monocytes. The blood monocytes are not end cells but develop 
further in the tissues to become macrophages. Certain data suggest 
that macrophages and osteoclasts have a common progenitor. All 
these cells are considered to constitute the mononuclear phagocyte 
system. In this system, cell division occurs mainly in the monoblasts 
and promonocytes. 
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Figure 33.32 Electron micrograph of an eosinophil granulocyte 


from normal bone marrow. The majority of the cytoplasmic 
granules are crystalloid-containing secondary granules. Note that 
the uppermost granule is unusual in that its crystalloid stains 
more lightly than the surrounding granule matrix. 


Monoblasts are similar in appearance to myeloblasts except that their 
nuclei may be slightly indented or lobulated. 
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They have small quantities of agranular deeply basophilic cytoplasm 
and can only be reliably distinguished from other types of blast cells 
by cytochemical and other special techniques (Figure 33.35). 
Promonocytes are larger, have a lower nucleus-to-cytoplasm ratio, 
and contain less basophilic cytoplasm than monoblasts; their 
cytoplasm contains a few azurophilic granules. Promonocytes usually 
have a large, rounded, cleft or lobulated nucleus with the chromatin 
appearing as a fine network. Nucleoli may or may not be visible. 


Figure 33.33 Electron micrograph of a basophil granulocyte 
from a normal bone marrow. The granules have been markedly 
extracted during processing, but the characteristic closely packed 
rounded particles can still be recognized in several of the 
granules. 


Figure 33.34 Electron micrograph illustrating the particulate 
ultrastructure of basophil granules at high magnification. 


Marrow monocytes and blood monocytes have a lower nucleus-to- 
cytoplasm ratio (<1), a less basophilic cytoplasm, and a larger 
number of azurophilic granules than promonocytes. The cytoplasm 
pale gray-blue, has a ground glass appearance, and may contain 
vacuoles. The nucleus is eccentrically placed and may be oval, 
kidney-shaped, horseshoe-shaped, or lobulated; the chromatin has 
Skeinlike or lacy appearance. 


Figure 33.35 A cell with strong [+-naphthyl acetate esterase 
activity from a normal marrow smear (the diazonium salt of fast 
blue BB was used as the capture agent). This cell has a slightly 
convoluted nucleus and relatively little cytoplasm and is most 
probably a monoblast or early promonocyte. 


Cytochemistry 


Some normal monocytes show several fine or moderately coarse 
PAS-positive granules and sudanophilic granules and a few 
peroxidase-positive granules scattered in their cytoplasm (24,71,78). 
Monocytes do not stain for alkaline phosphatase but stain strongly 
for acid phosphatase. They contain lysozyme. 


Monocytes are {+-naphthol AS-D chloroacetate esterase negative but 
are {+-naphthyl acetate esterase (nonspecific esterase) positive. 
Alpha-naphthyl acetate esterase activity is present not only in 
monocytes and macrophages, but also in other myeloid cells, 
including neutrophil promyelocytes and myelocytes, megakaryocytes, 
and immature red cell precursors. Alpha-naphthyl butyrate esterase 
activity is stronger than [+-naphthyl acetate esterase activity in 


monocytes and macrophages and is much weaker in the other types 
of myeloid cells mentioned above. Both the [+-naphthyl acetate and 
the j+-naphthyl butyrate esterase activities of monocytes are 
inhibited by fluoride; in granulocytes and their precursors, these 
enzyme activities are fluoride insensitive. 


Ultrastructure 


The earliest monocyte precursor that can be identified on 
ultrastructural criteria (72,75) is the promonocyte. The nucleus of 
this cell has only small quantities of nuclear membraneda€“associated 
condensed chromatin and has one or more nucleoli. The cytoplasm 
contains many ribosomes, a moderate number of mitochondria, 
several strands of RER, bundles of fibrils, a prominent Golgi 
apparatus, and a few characteristic cytoplasmic granules. The 
strands of endoplasmic reticulum are shorter and less abundant than 
in neutrophil promyelocytes. Two types of cytoplasmic granules are 
seen in promonocytes: (a) immature granules, which have a central 
zone of flocculent electron-dense material and a clear peripheral 
zone, and (b) mature granules, which are smaller than the immature 
granules, vary considerably in size and shape, and are 
homogeneously electron dense (Figures 33.36,33.37). The 
maturation of promonocytes first into marrow monocytes and then 
into blood monocytes is associated with some increase in the 
quantity of condensed chromatin in the nucleus, a progressive 
reduction in the number of ribosomes, RER, and fibrils in the 
cytoplasm, and an increase in the number of cytoplasmic granules. 
Most or all of the granules of marrow monocytes and all the granules 
of blood monocytes are of the mature type. Ultrastructural 
cytochemical studies have shown that some large round granules 
have acid phosphatase activity and that such granules are more 
frequent in promonocytes_ than 
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monocytes. All the promonocyte granules and some of the monocyte 
granules are peroxidase positive. 


Figure 33.36 Electron micrograph of an immature monocyte 
from normal bone marrow. The cytoplasm contains many small 
mature granules and a few immature granules (see Figure 
33.37). Several short cytoplasmic processes can be seen at the 
periphery of the cell. 


Red Cell Precursors 


In this chapter, the term erythroblast is used to describe any 
nucleated red cell precursor, normal or pathologic, and the term 
normoblast to describe all cells that have the morphologic 
characteristics of the erythroblasts found in normal bone marrow. 
The terms used to describe various classes of normal red cell 
precursor are, in order of increasing maturity, pronormoblast, 
basophilic normoblast, early polychromatic normoblast, late 
polychromatic normoblast, marrow reticulocyte, and blood 


reticulocyte (Figure 33.38). Cell division occurs only in the first three 
of these cytologic classes. Marrow samples containing normoblasts 
are said to show normoblastic erythropoiesis. 


Pronormoblasts are large cells with a diameter of 12 to 20 Aum. They 
have rounded nuclei and moderate quantities of agranular cytoplasm 
that stains intensely basophilic except for a pale area (corresponding 
to the Golgi apparatus) adjacent to the nucleus. The nuclear 
chromatin has a finely stippled or fine reticular appearance, and 
there are one or more prominent nucleoli. The basophilic normoblasts 
resemble pronormoblasts except that their nuclear chromatin is 
Slightly more condensed and consequently has a coarsely granular 
appearance. The early polychromatic normoblasts are smaller than 
basophilic normoblasts and have a smaller nucleus and a lower 
nucleus-to-cytoplasm ratio. The cytoplasm is polychromatic and 
agranular, and the nucleus contains several medium-sized clumps of 
condensed chromatin, particularly adjacent to the nuclear membrane. 
The polychromasia results from the presence of moderate quantities 
of cytoplasmic RNA (which stains blue), as well as of hemoglobin 
(which stains red). Late polychromatic normoblasts are even smaller 
and show a further reduction in the ratio of the area of the nucleus 
to the area of the cytoplasm. The cytoplasm is predominantly 
orthochromatic but still has a grayish tinge (i.e., is faintly 
polychromatic). The nucleus is small and eccentric and contains large 
clumps of condensed chromatin. The nuclear diameter is less than 
about 6.5 Aum. When mature, late polychromatic normoblasts 
extrude their nuclei and become marrow reticulocytes; the extruded 
nuclei are rapidly phagocytosed and degraded by adjacent 
macrophages. The marrow reticulocyte is irregular in outline and has 
faintly polychromatic cytoplasm. It is motile and soon enters the 
marrow sinusoids. When marrow and blood reticulocytes are stained 
supravitally with brilliant cresyl blue, the ribosomal RNA responsible 
for their polychromasia precipitates into a basophilic reticulum 
(hence the term reticulocyte). Reticulocytes circulate in the blood for 
one to two days before becoming mature red cells. The average 


volume of blood reticulocytes is 20% larger than that of red cells. 
The latter are circular, biconcave, and acidophilic (i.e., stain red) 
and, in dried fixed smears, have an average diameter of 7.2 Aum 
(range: 6.7a€“7.7 Aum). 


Figure 33.37 A higher-power view of part of the cytoplasm of 
the cell in Figure 33.36 showing a few immature-looking granules 
with an electron-dense central zone and an electron-lucent 
peripheral zone. There are also some small, uniformly electron- 
dense mature granules. 


Figure 33.38 Red cell precursors from a normal bone marrow 
smear (Aa€“C) and a reticulocyte from normal peripheral blood 
(D). A. Pronormoblast. B. Two early polychromatic normoblasts 
and two late polychromatic normoblasts. C. A sideroblast showing 
a fine, barely visible blue siderotic granule. (A and B, MGG stain; 
C, Perls' acid ferrocyanide reaction; D, supravital staining with 
brilliant cresyl blue.) 
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Cytochemistry 


Normal erythroblasts are PAS negative. They also fail to stain with 
Sudan black and are peroxidase negative. Most nucleated red cells 
are Î+-naphthol AS-D chloroacetate esterase negative, but occasional 


cells show a few positive granules. A few /+-naphthol butyrate 
esterasea€“positive granules are seen in some nucleated red cells of 
all degrees of maturity; the positive granules are sometimes seen at 
the nuclear margin. Coarse acid phosphatasea€“positive paranuclear 
granules are frequently present in all types of erythroblasts. 


In normal bone marrow smears stained by Perls' acid ferrocyanide 
method, 20 to 90% of the polychromatic erythroblasts contain one to 
five small blue-black granules that are usually just visible at high 
magnification (Figure 33.38C). These iron-containing (siderotic) 
granules are randomly distributed within the cytoplasm and 
correspond to the siderosomes seen under the electron microscope. 
Erythroblasts containing siderotic granules are termed sideroblasts. 
In iron deficiency anemia and, to a lesser extent, in the anemia of 
chronic disorders, the percentage of sideroblasts is decreased. In 
conditions associated with an increased percentage saturation of 
transferrin (e.g., hemolytic anemias), the average number of 
siderotic granules per cell and the average size of such granules are 
increased. 


Ultrastructure 


All nucleated red cell precursors are characterized by the presence of 
small surface invaginations that develop into intracytoplasmic 
vesicles (rhopheocytotic vesicles) (75) (Figure 33.39). The nucleus of 
the pronormoblast has a small quantity of nuclear 
membraneâ€“associated condensed chromatin (Figure 33.40). The 
cytoplasm is of low-electron density and contains numerous 
ribosomes, a moderately well-developed Golgi apparatus, several 
mitochondria, some strands of endoplasmic reticulum, and small 
numbers of scattered ferritin molecules. It also contains a few 
pleomorphic electron-dense acid phosphataseâ€“positive lysosomal 
granules, which are usually arranged in a group near the Golgi 
saccules. During the maturation of a pronormoblast into a late 
polychromatic normoblast (Figure 33.41), the following changes are 


seen: (a) a steady increase in the quantity of condensed chromatin, 
(b) a gradual increase in the electron density of the cytoplasmic 
matrix due to the synthesis of increasing quantities of hemoglobin, 
(c) a progressive reduction in the number of ribosomes in the 
cytoplasm, (d) a reduction in the number and size of the 
mitochondria, and (e) an increasing tendency for some of the 
intracytoplasmic ferritin molecules to aggregate and form 
siderosomes (Figures 33.42,33.43). Small autophagic 
P.823 
P.824 
vacuoles are found in 22% and slight to substantial degrees of 
myelinization of the nuclear membrane in 12% of erythroblast 
profiles (79). Other data shown by electron microscopic studies of 
the erythron are that (a) part of the cell's cytoplasmic membrane and 
a narrow rim of hemoglobin-containing cytoplasm completely 
surrounds the extruded erythroblast nucleus (Figure 33.44); (b) the 
marrow reticulocytes enter the sinusoids by passing through, rather 
than between, endothelial cells (Figure 33.45); and (c) whereas 
reticulocytes contain ribosomes and mitochondria, mature red cells 
do not. 


Figure 33.39 Part of an early polychromatic erythroblast 
showing a rhopheocytotic surface invagination with a few 
adherent ferritin molecules. A rhopheocytotic vesicle containing 
several ferritin molecules is closely apposed to the surface 
invagination. A narrow process of ferritin-containing macrophage 
cytoplasm is present between the erythroblast displaying 
rhopheocytosis and the adjacent cell. 


Figure 33.40 Electron micrograph of a pronormoblast from 
normal bone marrow. The nucleus contains very small quantities 
of condensed chromatin and has a prominent nucleolus. The 
cytoplasm is relatively electron lucent and rich in polyribosomes. 


Figure 33.41 Electron micrograph of a group of six erythroblasts 
at various stages of maturation. Note that maturation is 
associated with an increase in the electron density of the 
cytoplasm. The lowermost cell is a late erythroblast about to 
extrude its nucleus. 


Figure 33.42 Electron micrograph of part of the cytoplasm of a 
polychromatic erythroblast from normal bone marrow. The 
cytoplasm shows a membrane-bound accumulation of ferritin and 
hemosiderin (siderosome) (arrow) and a few ferritin-containing 
rhopheocytotic vesicles. 


Figure 33.43 Part of a polychromatic erythroblast from a normal 
marrow showing a membrane-bound siderosome that is much 
more densely packed with ferritin and hemosiderin molecules 
than the siderosome in Figure 33.42. 


Dyserythropoiesis and Ineffective 
Erythropoiesis 

Most of the erythroblasts in normal bone marrow are uninucleate and 
do not display any unusual morphologic features. However, when 400 
to 1,000 consecutive erythroblasts (excluding mitoses) were studied 
in bone marrow smears from each of 10 healthy volunteers with 
stainable iron in the bone marrow, O to 0.57% (mean: 0.31%) were 
found to be binucleate, 0.7 to 4.8% (mean: 2.4%) showed 
intererythroblastic cytoplasmic bridges, O to 0.9% (mean: 0.24%) 
showed cytoplasmic stippling, and O to 0.7% (mean: 0.39%) showed 
cytoplasmic vacuolation. In addition, O to 0.55% (mean: 0.22%) had 
markedly irregular nuclear outlines or karyorrhectic nuclei, and O to 
0.39% (mean: 0.18%) contained Howell-Jolly bodies (micronuclei), a 
marker of chromosome breaks (80) (Figure 33.46). In another study 
of 15 healthy males in which 5,000 erythroid cells (including 

mitoses) were assessed per subject, 0.14% A+ 0.04 (SD) were found 


to be binucleate or multinucleate cells or to be pluripolar mitoses 
(81). A number of other unusual morphologic features are seen in 
some erythroblast profiles when the marrow is examined with the 
electron microscope. These include short stretches (250a€“910 nm) 
of duplication of the nuclear membrane in 2% of the profiles, short 
(260a€“520 nm) intranuclear clefts in 1.7%, and iron-laden 
mitochondria in less than 0.2% (79). The above-mentioned light and 
electron microscopic features are sometimes described as 
dyserythropoietic changes, with the implication that they are 
morphologic manifestations of a minor disturbance of 
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proliferation or maturation in the affected cells. In many congenital 
or acquired disorders characterized by grossly disordered 
erythropoiesis, the proportion of erythroblasts showing these 
dyserythropoietic changes is increased, and some erythroblasts show 
various dyserythropoietic changes not seen in normal marrow (43). 
The latter include nonspecific abnormalities, such as large autophagic 
vacuoles and extensive intranuclear clefts, as well as abnormalities 
that are specific for certain diseases or groups of diseases. 


Figure 33.44 Electron micrograph of an extruded erythroblast 
nucleus. Note that the nucleus is surrounded by a rim of 
hemoglobin-containing cytoplasm and lies in close contact with 
processes of macrophage cytoplasm. 


Figure 33.45 Electron micrograph illustrating an uncommon 
mechanism of formation of a reticulocyte. Whereas nuclear 
expulsion often occurs extravascularly and the resulting 
reticulocytes then enter a sinusoid, the cytoplasm of the late 
erythroblast shown has passed through the endothelial cell of the 
sinusoid before nuclear expulsion. The nucleus of this 
erythroblast has not passed through the narrow passage in the 
endothelial cell and presumably will be severed from the rest of 
the cell and phagocytosed by the macrophage (arrow) lying in 
contact with it. Thus, in this erythroblast, nuclear expulsion 
appears to occur during entry of the future reticulocyte into the 
sinusoid. 


Figure 33.46 Morphologic evidence of dyserythropoiesis in bone 
marrow smears from healthy volunteers. A. —Intererythroblastic 
cytoplasmic bridge. B. Large Howell-Jolly body in an early 
polychromatic erythroblast. C. Two smaller Howell-Jolly bodies in 
a late polychromatic erythroblast. D. Karyorrhexis in a late 
polychromatic erythroblast. 


The phrase ineffective erythropoiesis is used to describe the loss of 
potential erythrocytes due to the phagocytosis and destruction of 
developing erythroblasts within the bone marrow. The extent of 
ineffective erythropoiesis in normal bone marrow is small (25). In a 
number of conditions such as homozygous Î?-thalassemia and the 
megaloblastic anemias, there is a gross increase in the 
ineffectiveness of erythropoiesis; some of the abnormal erythroblasts 


undergo apoptosis prior to phagocytosis. In such conditions, 
erythroblasts at various stages of degradation may be recognized 
within marrow macrophages, both by light and electron microscopy. 
Apoptosis at the late BFU-E and CFU-E stages is thought to be a 
major factor controlling the rate of erythropoiesis. 


Megakaryocytes 


The majority of the cells of the megakaryocyte series are larger than 
other hematopoietic cells and have polyploid DNA contents. The 
earliest morphologically recognizable cells in this series are called 
megakaryoblasts. These are 20 to 30 Aum in diameter and have a 
single large, oval, kidney-shaped, or lobed nucleus that is 
surrounded by a narrow rim of intensely basophilic agranular 
cytoplasm. The nucleus contains several nucleoli. Megakaryoblasts 
(group | megakaryocytes) mature into promegakaryocytes (group ll 
megakaryocytes), which in turn develop into granular 
megakaryocytes (group III megakaryocytes). Promegakaryocytes are 
larger than megakaryoblasts and have a larger volume of cytoplasm 
relative to that of the nucleus. They possess a single large multilobed 
nucleus with the overlapping lobes arranged in a C-shaped formation. 
The cytoplasm is less basophilic than that of megakaryoblasts and 
contains a few azurophilic granules that are usually grouped within 
the concavity formed by the overlapping nuclear lobes. The granular 
megakaryocytes (Figure 33.47) are up to 100 Aum in diameter and 
have abundant pale-staining cytoplasm containing many azurophilic 
granules. The nucleus has multiple lobes, and these become 
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fairly tightly packed together before the shedding of platelets. The 
nuclear chromatin has a coarse-grained appearance. Platelets are 
formed by the fragmentation of cytoplasmic processes of the mature 
granular megakaryocytes. When platelet formation is completed, a 
bare nucleus remains. 


Figure 33.47 Granular megakaryocyte from an MGG-stained 
normal bone marrow smear. 


Mature platelets are usually 2 to 3 Aum in diameter and are irregular 
in outline. The cytoplasm stains pale blue and has a number of 
azurophilic granules at its center. Newly formed platelets are slightly 
larger than mature ones. 


About 40% of megakaryoblasts, 20% of promegakaryocytes, and 2% 
of granular megakaryocytes synthesize DNA (82). However, cell 
division is probably uncommon in megakaryoblasts and is not seen in 
the other two cell types. The occurrence of cycles of DNA replication 
without cytokinesis results in the characteristic polyploidy of these 
cells. The total DNA contents of megakaryoblasts range between 4c 
and 32c and of promegakaryocytes and granular megakaryocytes 
between 8c and 64c (1c = the haploid DNA content). There is a 
positive correlation between the nuclear area and DNA content of 
megakaryocytes. 


Cytochemistry 


When stained by the PAS reaction, megakaryocytes show a diffuse 


and finely granular positivity over both the nucleus and the 
perinuclear and intermediate zones of the cytoplasm (24,69,70,71). 
These positive areas also contain varying numbers of densely 
positive blocks (Figure 33.48). A narrow peripheral zone of the 
cytoplasm is often PAS negative, and this may be surrounded by 
clumps of positive granules within attached platelets. Within 
platelets, PAS-positive material appears as scattered, lightly staining 
fine granules at the periphery and as clumps of darkly staining 
coarse granules at the center. Megakaryocytes and platelets are 
usually unstained by Sudan black, but occasional megakaryocytes 
may show a diffuse positivity with fine positive granules scattered 
both in the cytoplasm and over the nucleus. Megakaryocytes and 
platelets display strong acid phosphatase activity. 


Figure 33.48 Megakaryocyte from a normal bone marrow smear 
showing large quantities of PAS-positive material. 


Peroxidase activity cannot be demonstrated in megakaryocytes by 
light microscopy but can be demonstrated in a characteristic 
distribution using the electron microscope. 


Megakaryocytes show no ji+-naphthol AS-D chloroacetate esterase 
activity. However, they have substantial [+-naphthyl acetate 
esterase activity (Figure 33.49) and weaker [+-naphthyl butyrate 
esterase activity; the latter generates many coarse or fine positive 
granules in the cytoplasm and over the nucleus. 


Ultrastructure 


The nucleus of a megakaryoblast has two or more lobes, very little 
condensed chromatin, and prominent nucleoli (75,83,84). The 
cytoplasm contains large numbers of ribosomes, scattered RER, 
several mitochondria, and a few 
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membrane-lined vesicles representing the beginning of the 
demarcation membrane system (DMS). The cytoplasm also contains a 
well-developed Golgi apparatus within a deep nuclear indentation. A 
few immature i+ granules and a few lysosomal vesicles containing 
acid phosphatase and arylsulfatase are present near the Golgi 
apparatus. The maturation of megakaryoblasts into 
promegakaryocytes and granular megakaryocytes (Figure 33.50) is 
accompanied by a progressive increase in the quantity of nuclear 
membranea€“associated condensed chromatin, an increase in the 
number of a granules, a progressive development of the DMS, and a 
reduction in the number of ribosomes, RER, and mitochondria. 
Megakaryocyte maturation also is accompanied by the formation of 
increasing quantities of glycogen in the cytoplasm; the glycogen 
particles often are found in large clumps. The DMS is an extensive 
system of membrane-lined cytoplasmic sacs, which arises as 
invaginations of the surface membrane; it demarcates areas of 
cytoplasm that eventually become platelets (Figure 33.51). 


Figure 33.49 Strong i+-naphthyl acetate esterase activity in 
normal megakaryocyte. 


Figure 33.50 Electron micrograph of a granular megakaryocyte 
from normal bone marrow. The cytoplasm contains a lymphocyte 
that appears to be traveling through the megakaryocyte 
(emperipolesis). 


Three zones can be recognized in the extensive cytoplasm of a 
granular megakaryocyte (Figure 33.50): (a) a narrow perinuclear 
zone containing the Golgi apparatus and some of the ribosomes, RER, 
and mitochondria, (b) a wide intermediate zone containing many 
ovoid, electron-dense a granules, numerous sacs of the DMS, 
lysosomal vesicles, ribosomes, RER, and mitochondria, and (c) a 
narrow outer zone that is devoid of organelles. Mature granular 
megakaryocytes protrude cytoplasmic processes that lie near to or 
within marrow sinusoids. Platelets are formed by the fragmentation 
of these processes, the platelet membranes being made up of 
membranes of the DMS. 


Figure 33.51 Electron micrograph of a part of the intermediate 
zone of the cytoplasm of a granular megakaryocyte, showing the 
extensive demarcation membrane system, demarcating granule- 
containing future platelet areas. 


Ultrastructural cytochemical studies of the oxidation of 3,3a€?- 
diaminobenzidine have demonstrated a platelet peroxidase (PPO) in 
the endoplasmic reticulum and perinuclear space but not in the Golgi 
apparatus of megakaryoblasts and megakaryocytes and in the dense 
bodies and dense tubular system of platelets (85). A few small 
rounded cells present in normal marrow also have PPO activity in the 
endoplasmic reticulum and perinuclear space and have been 
identified as promegakaryoblasts (86). Platelet peroxidase appears to 
be distinct from myeloperoxidase. 


Some normal megakaryocytes display the phenomenon of 
emperipolesis (87,88). This term is used to describe the movement 
of one cell type within the cytoplasm of another. The cytoplasm of an 
affected megakaryocyte may contain one or more cells of a number 
of types, including neutrophil and eosinophil granulocytes and their 
precursors, lymphocytes, erythroblasts, and red cells (Figure 33.50). 
The physiologic relevance of megakaryocyte emperipolesis is 
uncertain; one suggestion has been that certain marrow cells may 
enter the circulation via the processes of megakaryocyte cytoplasm 
that protrude into marrow sinusoids. 


Figure 33.52 Electron micrograph of a platelet from normal 
blood. The platelet has been sectioned near, rather than at, the 
equatorial plane and, consequently, shows only part of the 
circumferential band of microtubules (arrow). The section also 


Shows the electron-lucent vesicles of the surface-connected 
canalicular system, several platelet granules, a few mitochondria, 
and numerous clumps of glycogen molecules. 
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Nonactivated platelets are biconvex and have a smooth surface. Their 
Shape is maintained by an equatorial bundle of microtubules situated 
below the cell membrane, as well as by microfilaments found 

between various organelles. Other structures found in the cytoplasm 
include various types of granules, mitochondria, a surface-connected 
canalicular system, the dense tubular system, and many glycogen 
particles, which may occur singly or in clumps (Figure 33.52). 


Four types of cytoplasmic granule are recognized, namely, the i+ 
granules, I» granules (lysosomal granules), Î^ granules, and 
peroxisomes (75,89,90). The [+ and i» granules are moderately 
electron dense and can be distinguished from each other only by 
ultrastructural cytochemistry; for example, i» granules have acid 
phosphatase activity and Î+ granules do not. Substances present in 
f+ granules include {2-thromboglobulin, platelet factor 4, platelet- 
derived growth factor, fibrinogen, fibronectin, von Willebrand factor, 
and thrombospondin. In addition to acid phosphatase, the I» 
granules contain {2-glucuronidase and arylsulfatase. The i’ granules 
(dense granules) are smaller and much more electron dense than [+ 
granules and often have a peripheral electron-lucent zone, which 
gives them a bull's-eye appearance. They contain serotonin, calcium, 
and the storage pool of ADP and ATP. The peroxisomes are smaller 
than the [+ and Î> granules; they are moderately electron dense and 
contain catalase. 


The surface-connected canalicular system is an extensive system of 
electron-lucent intracytoplasmic canaliculi and saccules that open to 
the exterior at multiple sites on the cell membrane. This canalicular 
system provides a large surface through which various substances, 
including granule contents, could be discharged extracellularly. The 


channels of the dense tubular system are shorter and narrower than 
those of the surface-connected canalicular system and contain 
material with an electron density similar to that of the cytoplasm. 
The dense tubular system contains platelet peroxidase and seems to 
be derived from the endoplasmic reticulum of megakaryocytes. It is 
an important site of synthesis of thromboxane A2, which is involved 
in the release of granule contents. It is also rich in calcium and may 
regulate various calcium-dependent reversible reactions such as the 
activation of actomyosin and the polymerization of tubulin. 


Lymphocytes and Plasma Cells 


All lymphocytes are eventually derived from the lymphoid stem cells 
present in the marrow, which are in turn derived from the pluripotent 
hematopoietic stem cells. The lymphoid stem cells generate both B- 
cell progenitors and T-cell progenitors. The former mature through a 
number of antigen-independent intermediate stages into B cells; this 
maturation occurs within the microenvironment of the marrow. The 
newly formed B cells travel via the blood into the B-cell zones of 
peripheral lymphoid tissue. Either the lymphoid stem cells or early T- 
cell progenitors migrate from the marrow through the blood into the 
thymus. Here, these cells undergo antigen-independent maturation 
into T cells, and those T cells that recognize self are deleted. The 
mature T cells then travel through the blood into the T-cell zones of 
the peripheral lymphoid organs. The mature B and T lymphocytes 
that enter the peripheral lymphoid tissue are triggered into division 
when they react with specific antigen in the presence of appropriate 
accessory cells. Their progeny develop into effector cells or memory 
cells. In the case of B cells, the effector cell is an antibody-secreting 
plasma cell. Antigen-dependent proliferation of B cells occurs in 
normal marrow and results in the presence of plasma cells in this 
tissue. 


Immunohistochemical studies show that the ratio of T cells to B cells 
in normal adult marrow is around 3:1. The light and electron 


microscopic appearances of bone marrow lymphocytes are 
indistinguishable from those of other lymphocytes in the body. Some 
T and B lymphocytes have fine or coarse PAS-positive granules 
arranged in one to four (usually one or two) rings around the 
nucleus, and occasional cells have large clumps of PAS-positive 
material. Lymphocytes are peroxidase negative and {+-naphthol AS- 
D chloroacetate esterase negative, and over 99% of cells are alkaline 
phosphatase negative. Some lymphocytes 
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show a positive paranuclear dot when stained for Î+-naphthyl 
butyrate esterase; this staining is unaffected by fluoride. A 
substantial proportion of normal lymphocytes show either a 
paranuclear dot or diffuse granular positivity when stained for acid 
phosphatase. A paranuclear dot is found in both T cells and B cells 
but more frequently in T cells. 


Plasma Cells 


Plasma cells seen in smears of normal bone marrow vary 
considerably in size and appearance. Most are 14 to 20 Aum in 
diameter and have deep blue cytoplasm. The cytoplasm has a pale 
paranuclear area corresponding to the Golgi apparatus and may 
contain one or more vacuoles (Figure 33.53Aa€“B). The nucleus is 
small relative to the volume of cytoplasm, contains moderate 
quantities of condensed chromatin, and is eccentrically located. 
Although most plasma cells are uninucleate, a few are binucleate or 
multinucleate. Some normal plasma cells have other features. For 
example, occasional cells may contain one or a few large rounded 
acidophilic, PAS-positive cytoplasmic inclusions (Russell bodies) or 
several smaller slightly basophilic rounded inclusions (Mott cells, 
grape cells, or morular cells). Some plasma cells have many 
pleomorphic cytoplasmic inclusions and, consequently, appear 
reticulated (Figure 33.53C). Others have eosinophilic cytoplasm, 
usually at the periphery, but sometimes in the entire cell (flaming 
cell); when the eosinophilia is confined to the periphery, it contrasts 


markedly with the intense basophilia of the rest of the cytoplasm. 
Occasional plasma cells have azurophilic rods that resemble Auer 
rods present in acute myeloid leukemia but that are PAS, Sudan 
black, and peroxidase negative. Plasma cells show strong acid 
phosphatase activity, particularly around the nucleus and over the 
Golgi zone. They do not stain for i+-naphthol AS-D chloroacetate 
esterase. 


Figure 33.53 Various appearances of plasma cells in a smear of 
normal bone marrow. A prominent pale paranuclear zone and 
cytoplasmic vacuoles are seen in (A) and (B). The cytoplasm in 
(C) has a reticular appearance. The other cells in (A) are a 
nonphagocytic reticular cell and a late polychromatic 
erythroblast. 


The electron microscope shows that the eccentric rounded nucleus of 
a plasma cell contains a variable quantity of condensed chromatin 
(Figures 33.54,33.55A) and a well-developed nucleolus (Figure 
33.55A). The presence of moderately large clumps of nuclear 
membranea€“associated condensed chromatin gives the nuclei of 
mature plasma cells a cartwheel or clock face appearance in 
histologic sections (but not in marrow smears). The cytoplasm 
contains numerous long flattened sacs of RER that are arranged 
either parallel to each other (Figure 33.56), concentrically, or 
spirally; the sacs are distended to varying extents with a granular, 
moderately electron-dense material, consisting mostly of 
immunoglobulin. The cytoplasm also contains mitochondria, a large 
Golgi apparatus situated immediately adjacent to the nuclear 
membrane (Figure 33.54), and a few small or medium-sized 
membrane-bound electron-dense granules. The latter are often found 
near the Golgi complex, contain acid phosphatase, and appear to be 
primary lysosomes. Occasional cells contain larger cytoplasmic 
inclusions that vary markedly in size, electron density, and shape 
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and are often lined by RER. Many of these inclusions are rounded, 
elliptical, or irregular in outline, but a few are rhomboidal or 
needlelike and have a crystalline structure (Figure 33.55Ba€“D). 
Thus, the various types of cytoplasmic inclusion seen under the light 
microscope appear to be formed by the accumulation of unusually 
large quantities of immunoglobulin within regions of the RER. 


Figure 33.54 Electron micrograph of a plasma cell from a 
normal bone marrow showing numerous parallel sacs of rough 
endoplasmic reticulum and a very prominent Golgi apparatus 
immediately adjacent to the nucleus. The nucleus has moderate 
quantities of condensed chromatin. 


Hematopoietic Cells: Characteristics in 
Histologic Sections 


In H&E-stained sections of formalin-fixed paraffin-embedded trephine 
biopsies, insufficient cytoplasmic basophilia and nuclear detail is seen 
to enable reliable distinction between myeloblasts, neutrophil 
promyelocytes, neutrophil myelocytes, and early erythroblasts. 
However, neutrophil metamyelocytes and band cells can be 
recognized by their C- or U-shaped nuclei and neutrophil 

granulocytes by the presence of two or more darkly staining nuclear 
lobes or segments lying close together (Figure 33.57). In histologic 


sections, the fine chromatin strands that join the nuclear lobes of 
granulocytes usually are not seen. The cytoplasm of neutrophil 
myelocytes and metamyelocytes stains pale pink and that of 
neutrophil granulocytes a very pale pink. The granules contained 
within cells of the neutrophil series stain poorly and are usually 
difficult to see. Neutrophil promyelocytes and myelocytes can be 
reliably distinguished from immature cells belonging to other cell 
lineages by immunohistochemical staining of neutrophil 
seriesa€“specific antigens such as neutrophil elastase (Table 33.1). 
In sections of paraffin-embedded marrow fragments, the neutrophil 
promyelocytes/myelocytes, metamyelocytes, and granulocytes are 
stained by Leder's stain for chloroacetate esterase (Figure 33.58A). 
These cells are also stained, both in sections of marrow fragments 
and trephine biopsy cores, by the PAS reaction (Figure 33.58B). 
Eosinophil myelocytes, metamyelocytes, and myelocytes can be 
readily recognized by their red-orange cytoplasm, resulting from the 
presence of large eosinophilic granules (Figure 33.57). Because 
basophil granules are water soluble, their contents become extracted 
during routine fixation for histologic studies. Consequently, basophil 
granulocytes cannot be seen in histologic sections processed in the 
usual way. 


Erythroblasts of varying degrees of maturity are found in distinctive 
clumps. Pronormoblasts and basophilic normoblasts are large cells 
with rounded nuclei containing nucleoli. They only show slight 
cytoplasmic basophilia when stained by H&E and thus resemble early 
granulocyte precursors; their identification is therefore based largely 
on their association with groups of more mature erythroblasts. The 
late erythroblasts contain rounded heavily stained nuclei showing 
little structural detail and have moderate quantities of poorly staining 
cytoplasm, usually with a distinct cytoplasmic membrane. They may 
show clear halos around the nucleus as a consequence of the 
Shrinkage of the cytoplasm (Figure 33.59). Lymphocytes do not show 
this artifact. Erythroblasts can be reliably identified by 
immunohistochemical staining of glycophorins A and C and of 


hemoglobin A (Table 33.1, Figure 33.60). 


The Giemsa stain is superior to H&E for identifying myeloblasts and 
promyelocytes as well as pronormoblasts and basophilic normoblasts, 
staining their cytoplasm blue. However, it is still not possible to 
reliably distinguish myeloblasts from promyelocytes. In Giemsa- 
stained sections, pronormoblasts have more basophilic cytoplasm 
than do other blasts and promyelocytes (Figure 33.61). 


Lymphocytes may be difficult to distinguish from late erythroblasts in 
histologic sections of paraffin-embedded trephine biopsy cores except 
when present in lymphoid nodules. They have a narrow rim of slightly 
basophilic (Giemsa) or poorly staining (H&E) cytoplasm, indistinct 
cytoplasmic margins, and a clumped nuclear chromatin pattern. The 
nuclei of lymphocytes are less perfectly rounded and more variable in 
size and shape and show more structural detail than those of late 
erythroblasts. In H&E-stained sections, plasma cells can be identified 
by the presence of slightly or moderately basophilic cytoplasm, an 
eccentric nucleus with a cartwheel or clock face chromatin pattern, 
and a pale paranuclear zone corresponding to the Golgi apparatus. In 
Giemsa-stained sections, the cytoplasm of many plasma cells stains a 
deep blue and, consequently, the pale Golgi zone is especially 
prominent. 
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Figure 33.55 Different ultrastructural appearances of plasma 
cells from normal bone marrow. A. Cell with a prominent 
nucleolus, small quantities of condensed chromatin, several 
perinuclear mitochondria, some electron-dense material within all 
the sacs of rough endoplasmic reticulum (RER), and a single 
large, round, relatively electron-lucent intracytoplasmic inclusion 
lined by RER. B. Cell with multiple rounded or elliptical electron- 
dense intracytoplasmic inclusions lined by RER. C. Cell with two 
polygonal inclusions lined by RER. D. Cell with needlelike 
crystalline inclusions. The inclusions in (Ada€“C) probably result 
from the accumulation of large quantities of altered 
immunoglobulin within sacs of RER. 


Megakaryocytes are readily recognized by their large size, light or 


dark pink cytoplasm, and lobulated nucleus in sections stained either 
with hematoxylin and eosin or Giemsa (Figure 33.62). In sections of 
normal bone marrow they are present in clusters of two to five cells 
and are usually not found in a paratrabecular position. Small 
numbers of bare megakaryocyte nuclei, with convolutions and a 
considerable quantity of condensed chromatin, also are seen. 


B and T lymphocytes, plasma cells (Figure 33.22Aa€“B), and 
megakaryoctyes (Figure 33.22D) can be identified 
immunohistochemically, and megakaryoblasts can be reliably 
identified only in this way (Table 33.1). Using the monoclonal 
antibody Y2/51 which is directed against Gp Illa, the mean value for 
the total number of megakaryocytes and megakaryoblasts in 15 
normal subjects was 24/mm?2 (range: 14â€“38) and for 
megakaryoblasts alone it was 2.8/mm2 (range: 1.2a€“4.9) (91). 


As has already been mentioned, much more cytologic detail and 
especially nuclear detail can be seen in semithin sections of 
undecalcified plastic-embedded trephine cores (Figure 33.63) than in 
convention sections of decalcified paraffin-embedded cores (Figure 
33.62A). 


P2832 


Figure 33.56 Electron micrograph showing part of the Golgi 
apparatus and some of the sacs of RER from the plasma cell in 
Figure 33.54, at higher magnification. Four mitochondria are also 
present. 


Figure 33.57 Neutrophil promyelocytes/myelocytes, 
metamyelocytes, stab cells, and granulocytes in a section of a 
paraffin-embedded trephine biopsy core from a _ hematologically 
normal subject. The two cells with large orange granules belong 
to the eosinophil granulocyte series. (H&E.) 


Figure 33.58 Histochemistry of neutrophil series. A. Section of a 
paraffin-embedded marrow fragment from a _hematologically 
normal subject showing cytoplasmic chloroacetate esterase 
activity in neutrophil promyelocytes/myelocytes and 
metamyelocytes but not in two erythroblasts (Leder's stain). B. 
Section of a paraffin-embedded trephine biopsy core showing PAS 
positivity in neutrophil granulocytes and their precursors. 


Figure 33.59 Section of a paraffin-embedded trephine biopsy 
core from a hematologically normal adult showing a group of 


early and late polychromatic erythroblasts with halos around 
their nuclei. (H&E.) 
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Figure 33.60 Immunohistochemical demonstration of 
erythroblasts in a section of a paraffin-embedded trephine biopsy 
core. The section was reacted with antiglycophorin A antibody 
and the reaction visualized using an immunoalkaline phosphatase 
method. Courtesy of Dr. Alex Rice.) 
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Figure 33.61 Giemsa-stained section of a paraffin-embedded 
marrow fragment from a patient with erythroid hyperplasia due 
to a congenital dyserythropoietic state. The cell in the center 
with deep blue cytoplasm and prominent nucleoli is a 
proerythroblast. The photomicrograph also shows a few other 
proerythroblasts, several basophilic erythroblasts, and some 
early and late polychromatic erythroblasts. 


Cellularity of the Marrow 


The term marrow cellularity usually is defined as the proportion of 
the area of a histologic section excluding bone occupied by 
hematopoietic cells (by cells other than fat cells). Cellularity is 
usually assessed by point counting using an eyepiece with a graticule 
(histomorphometry) or, more accurately, by computerized image 
analysis (92). The shrinkage of tissue subjected to decalcification 
and paraffin embedding results in the cellularity of paraffin- 
embedded sections being about 5% lower than in _ plastic-embedded 
sections (93). 


In healthy subjects, cellularity varies with age (53,54). In neonates, 


there are very few fat cells in the marrow, and the cellularity 
approaches 100%. Cellularity decreases steadily in the first three 
decades and stabilizes at 30 to 70% between the ages of 30 and 70 
years. During the eighth decade of life, cellularity decreases further 
and may be less than 20%; this reduction is largely caused by a 
reduction in bone volume and a consequent increase in the volume of 
the marrow cavities. 


Figure 33.62 Two megakaryocytes from a section of a paraffin- 
embedded sample of clotted normal marrow (clot section). The 
cells in (A) showing a slight orange tinge are eosinophils and 
their precursors. The megakaryocyte in (B) displays 
emperipolesis. (H&E.) 


Figure 33.63 Semithin section of an undecalcified, plastic- 
embedded trephine biopsy core showing a megakaryocyte and 
adjacent marrow cells. When compared with Figure 33.62A, this 
semithin section shows considerably more cellular detail, 
especially nuclear detail. The cytoplasmic granules of cells of the 
eosinophil series are clearly seen; these are stained red-orange. 
(H&E. ) 


In assessing cellularity, it should be noted that cellularity varies 
markedly from one intertrabecular space to the next in a single 
biopsy specimen so that a reliable estimate requires the examination 
of at least five such spaces (i.e., a biopsy core of greater than 2 cm). 
Furthermore, the immediate subcortical marrow of the ilium is 
frequently less cellular than deeper marrow. A study of postmortem 
biopsy samples from 100 normal subjects who died suddenly without 
evidence of bone or marrow disease showed only slight differences in 
the cellularity at different hematopoietic sites. The percentage 
cellularity (A+ SD) in biopsies from the anterior iliac crest, posterior 
iliac crest, lumbar vertebrae, and sternum were, 60 A+ 6, 62 A+ 7, 
64 A+ 7, and 61 A+ 8, respectively (94). 
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Table 33.2 Differential 
Healthy Adults aged between 20 and 29 years 


Counts? on Marrow Smears from 


28 


Percentages 
95% 
Confidence Observed 
Cell Type Mean Limits Range 
Myeloblasts 24 0.75a€“1.67 0.75a€“1.80 
Promyelocytes 2.49 0.99a€“3.99 1.00a€"3.75 
Myelocytes 
Neutrophil 17.36 11.54a4€“23.18 12.2506 422005 
Eosinophil T237. Oa€"2.85 0.25a€“3.45 
Basophil 0.08 oâ€“0.21 0.00â€“0.25 
Metamyelocytes 
Neutrophil 16.92 11.40a€“22.44 11.45a€“23.60 
Eosinophil 0.63 0.07â€“1.19 0.25a€“1.30 
Juvenile 8.70 3m5 8a Calig 2 4.85a€“13.95 


neutrophil 


granulocytes 
(stab forms) 


Granulocytes 


Neutrophil 


Eosinophil 


Basophil 


Monocytes 


Plasma cells 


Lymphocytes 


Basophilic 
erythropoietic 
cells 


Early 
polychromatic 
normoblasts 


Late 
polychromatic 
normoblasts 


Reticular cells 


L342 


0295 


0.20 


1.04 


0.46 


14.60 


0.92 


6.76 


dle ers: 


0.24 


4.32a€"22.52 


0.21â€“1.65 


0a€“0.48 


0.36â€“1.72 


oâ€“0.96 


6.66a€"22.54 


0.40a€“1.44 


2.56a€"10.96 


6.16a€“17.0 


0a€“0.54 


.70a€"8.95 


.45a€"1.55 


.05a€“0.50 


.65â€“2.10 


.10â€“0.95Þ 


oDe 25.05 


.50â€“1.60 


.30â€“12.20 


.85a€"19.55 


.05a€“0.65 


2Two thousand cells were studied in each individual. 

bThe observed range in 63 cases, aged 204€“93 years, was 
0.10a€“2.00%. 

From: Jacobson KM. Untersuchungen Aber das 
knochenmarkspunktat bei normalen individuen verschiedener 
altersklassen. Acta Med Scand 1941;106:417a€“446. 


Marrow Differential Count 


During the first day of life, the erythroblasts account for 18.5 to 65% 
(mean: 40%) of the nucleated cells in a marrow smear. Over the 
next 8 to 10 days, this figure decreases progressively to 0 to 20.5% 
(mean: 8%). After a period of erythroblastopenia lasting about three 
weeks, the percentage of erythroblasts increases again, reaching 
values of 6.5 to 31.5% (mean: 16%) at the age of 3 months (95). 
These changes are caused by an increase in arterial oxygen 
saturation soon after birth and the consequent suppression of 
erythropoietin production. Erythropoietin production increases again 
6 to 13 weeks later when the hemoglobin concentration in the blood 
decreases to about 11 g/dL. The proportion of granulocytes and their 
precursors ranges between 20 and 73% (mean: 46%) of the 
nucleated marrow cells on the first day of life (95), increases during 
the next three weeks, and then decreases again to reach a stable 
value of about 55% after the second month. The average value for 
the proportion of lymphocytes in the marrow increases from 12% 
during the first two days of life, to 33% at seven to ten days, and 
47% at one month. The lymphocyte percentage then remains stable 
until the end of the first year, after which it decreases slowly to 19% 
at 4 to 4.5 years, which is only slightly higher than the adult value of 
15% (95,96,97,98). Plasma cells are infrequent in the neonate, 
accounting for up to 0.4% (mean: 0.016%) of nucleated marrow cells 
(99). They gradually increase in number to reach a mean value of 
0.386% at the age of 12 to 15 years (5000 cell differential count). 


When 300 to 500 consecutive marrow cells are assessed in each 
case, the prevalence of plasma cells in healthy adults is 0.4 to 4.0%. 


The differential count on 2000 consecutive nucleated cells in bone 
marrow smears from normal adults is given in Table 33.2 (100). The 
mean and range for the myeloid/erythroid ratio in healthy adults are 
3.1 and 2.0:8.3, respectively (101). 
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Kidney 
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Byron P. Croker 


Introduction 


The kidney has an intricate structure that underlies its diverse roles of 
excreting waste products, regulating body fluid and solute balance, 
regulating blood pressure, and secreting hormones. A familiarity with 
the basic structure of the kidney facilitates the evaluation and 
comprehension of diseases and functional disorders that can affect the 
kidney. The structure of the normal human kidney is considered in this 
chapter. Although the focus is on the human kidney, analogous renal 
structures in other mammalian species are discussed or illustrated 
when pertinent. 


Pediatric Kidney 


Renal enthusiasts, especially developmental biologists and 

pathologists, have long been fascinated with how a kidney develops 
from primitive mesoderm into such a wondrously complex organ. A 
basic understanding of nephrogenesis provides a framework to enhance 
our knowledge of congenital kidney disease. The human kidney is 
structurally immature at the time of birth, and important morphologic 
changes occur during infancy and childhood. Pathologists not familiar 


with the histologic peculiarities of the pediatric kidney may mistake 
normal findings for abnormalities or fail to observe significant 
abnormalities of renal maturation. The following section covers the 
pediatric kidney, focusing first on kidney development prior to birth, 
and second, on the kidney after birth. 


Kidney Development 


During development, cells proliferate, migrate, differentiate, die, and 
interact with other cells to form tissues and organs. These different 
aspects of cell behavior are controlled by genes in a temporal and 
Spatial manner. The kidney has long been considered an excellent 
model system for the study of organogenesis. However, when one 
considers the elaborate architecture and heterogenous cellular 
elements of the organ, it is not surprising that understanding the 
mechanisms of kidney development remains a considerable challenge. 
Detailed reviews of kidney development are available for more 
information (1 ,2 ,3 ,4,5 ,6,7 ,8 ,9 ,10 ,11 ,12 ). 


Embryonic Kidneys 


Organogenesis begins during the third week of human embryogenesis 
with the initial formation of the central nervous and cardiovascular 
systems. The urogenital system represents the last organ system to 
develop. Kidney development goes through three successive stages: 
pronephros, mesonephros and metanephros. All three systems develop 
from the intermediate mesoderm, located between the dorsal somites 
and lateral plate mesoderm and extending from the cervical to the 
caudal regions of the embryo. The 
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pronephros and mesonephros are transient structures in mammals. 
However, all three systems are essential for the formation of each 
subsequent organ and are dependent on the presence of the 
preceeding structure. The mesonephros forms before the pronephros 
regresses, and the metanephros develops before the mesonephros 


disappears (Figure 34.1 ). This developmental scheme may be likened 
to a wave of nephrogenesis moving in a cervical to caudal direction 
through the intermediate mesoderm. Some genes that regulate 
metanephric kidney development are also believed to be involved in 
forming the earlier embryonic kidneys. 
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Figure 34.1 Mesonephros amd metanephros. The mesonephros 
(arrowhead ) contributes somatic cell lineages to the gonadal ridge 
(single arrow ), which will develop into the gonad. Early nephron 
formation is present in the metanephros (double arrows ), whose 
development is dependent on the presence of the mesonephros. 
Reprinted with permission from: 

Murphy WM, Grignon DJ, Perlman EJ. Tumors of the kidney, bladder, 
and related urinary structures. In: Atlas of Tumor Pathology . 4th 
series, fascicle 1. Washington, DC: Armed Forces Institute of 
Pathology; 2004. 


Pronephros 


The pronephros develops in the cervical region at the end of the third 
week of human gestation. However, most of our knowledge of the 
pronephros has come from the study of lower vertebrates (13 ,14 ). 
The pronephros consists of a glomus (glomerulus-like structure), 
tubules, and a duct. The glomus, not physically connected to the 


tubules, projects into the coelomic cavity and filters blood. 


Ciliated tubules, called nephrostomes, open into the coelom and collect 
the filtrate. The nephrostomes connect to proximal tubules, which 
empty into a distal tubule that joins the pronephric duct. In humans, 
the pronephros is a rudimentary organ and does not function. As the 
pronephric duct extends caudally, the glomus and tubules regress. 
However, the pronephric duct persists and becomes the mesonephric 
duct. 


Mesonephros 


The human mesonephros develops in the middle of the fourth week of 
gestation as a thoracic organ. Considerable variation in structure and 
function of the mesonephros exists, even among mammalian species 
(15 ). The human mesonephros contains 20 to 40 nephrons, consisting 
of glomeruli directly connected to tubules, with proximal and distal 
segments, some of which directly connect to the mesonephric duct 
(wolffian duct). The distal mesonephric duct fuses with the cloaca, a 
precursor of the urinary bladder. In some mammals, two sets of 
mesonephric tubules exist. The caudal tubules, representing the 
majority of the mesonephric nephrons, never fuse with the 
mesonephric duct, whereas the more cephalad tubules are connected 
to the duct. Moreover, mice deficient for the Wilms' tumor suppressor 
gene, WT1, lack the caudal set of mesonephric tubules but develop the 
cephalad ones (16 ). Thus, WT1 appears to regulate only caudal 
mesonephric development, which may have some molecular events 
similar to metanephric development since both require WT1 for 
formation. The excretory function of the human mesonephros is 
believed to be limited. As observed with the pronephros, the 
mesonephros undergoes apoptosis and degenerates (17 ). 


In the male, some mesonephric tubules form the efferent ducts of the 
epididymis, whereas the mesonephric duct gives rise to the duct of the 
epididymis, the seminal vesicle, and the ejaculatory duct. In females, 
the mesonephros undergoes dissolution, with the epoA{phoron, 


paroAfphoron, and Gartner's duct remaining as vestigial structures. 
Evidence has emerged indicating the mesonephros contributes cell 
lineages for other organ systems. A region including the dorsal aorta, 
gonad, and mesonephros (AGM) is the first site in which adult-type 
hematopoietic stem cells are generated (18 ,19 ). 


Metanephros 


Overview 


The metanephros, the definitive and permanent kidney, develops from 
an inductive interaction between the ureteric bud and the mesenchyme 
of the caudal intermediate mesoderm, called the metanephric 
mesenchyme, or blastema. During the fifth week of gestation, the first 
step in metanephric development occurs. Factors expressed by the 
metanephric mesenchyme induce the ureteric bud, a branch of the 
caudal mesonephric duct, to grow dorsally until it encounters the 
mesenchyme. The ureteric bud undergoes iterative branching to form 
the renal pelvis, calyces, and collecting ducts. Induced by the ureteric 
bud, the metanephric mesenchyme differentiates into the glomeruli, 
proximal and distal tubules, and Henle's loops. Thus, cells of the 
metanephric kidney originate from two different lineages to form the 
collecting ducts and nephrons. The reciprocal inductive interaction 
between the ureteric bud and the metanephric mesenchyme is the 
central process of metanephrogenesis. For detailed information, the 
reader is directed to the classic light 
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microscopic (1 ,2 ,3 ), microdissection (4 ,5 ,6 ), and experimental (7 
,8 ) studies. 


Formation of the Renal Pelvis and Calyces 


The complex three-dimensional branching pattern of the ureteric bud 
and its derivatives creates an elaborate renal architecture. The ureteric 
bud and its branches consist of a tubule portion, which elongates, and 


an actively growing ampullary tip. Various types of branching have 
been observed, including bifid and trifid branching from the ampullary 
tip and different modes of lateral branching (Oliver's a€oeclosed and 
open divideda€* models) from the tubule portion of the ureteric bud. 
The complexity of branching morphogenesis varies according to the 
period of nephrogenesis and also among mammalian species (4 ,5 ,6 
,20 ,21 ,22). 


The first three to five generations of ureteric bud branches form the 
renal pelvis, with more divisions occuring in the poles than in the 
midpolar region (Figure 34.2 ). Urine production is accompanied by 
progressive dilatation and coalescence of the earlier branches to form 
the early pelvic-calyceal system by 11 to 12 weeks. Subsequent 
generations of branches form the calyces. Extensive tissue remodeling 
of the calyceal system occurs. By 11 to 14 weeks, the calyces become 
compressed between the expanding renal pelvis and the aggregation of 
nephrons induced by collecting ducts in the developing papillae. The 
minor calyces convert from a bulbous configuration to their definitive 
cuplike shape, and the papillae become conical (Figure 34.3 ). The fate 
of the very first nephrons formed, presumably induced by and attached 
to the first generations of the ureteric bud that form the pelvis and 
calyces, remains a question. They are believed to either degenerate or 
attach to a later generation branch that elongates eventually to reach 
the juxtamedullary cortex. 


Formation of the Collecting System 


At eight weeks, the first nephrons can be observed attached to ureteric 
bud branches. The organogenetic processes of collecting duct 
branching/elongation and nephron differentiation occur simultaneously. 
Collecting duct morphogenesis has been divided into four periods (5 ). 
In the first period, from the fifth to the fourteenth week of gestation, 
branching occurs from the ampullary tips, and individual nephrons 
remain attached to their ampullae. In an iterative bifurcation model of 
branching, one of the two new ampullae retains the old nephron 


whereas the other induces the formation of a new one. The second 
period, weeks 14 through 22, is characterized by the formation of 
arcades. Ampullae rarely branch, but single elongating tips repeatedly 
induce new nephrons while carrying attached older nephrons. As new 
nephrons are formed, the connecting tubule of the older nephron 
merges its point of attachment away from the ampulla to the 
connecting tubule of the newer nephron. Repetition of this process 
results in three to seven nephrons forming around a single ampulla, 
joined to one another in an arcade by their connecting tubules. Arcades 
are associated with juxtamedullary nephrons in the inner cortex of the 
fully developed kidney. 


Figure 34.2 Diagram depicting early branches of ureteric bud that 
dilate and coalesce to form the renal pelvis. Examples of third, fourth, 
and fifth generation branches arecircled . Modified with permission 
from: 

Potter EL. Normal and Abnormal Development of the Kidney . Chicago: 
Year Book; 1972. 


Figure 34.3 Diagram illustrating later branches of ureteric bud 
forming a minor calyx and papilla. Circles indicate generation branches 
that may expand to form part of the calyx or, if not expanding, form 
papillary ducts. The expanding pelvis and the peripheral zone of 
differentiating nephrons compress the original saccular cavity, 
producing the cuplike shape of the calyx and the conical configuration 
of the papilla. Modified with permission from: 

Potter EL. Normal and Abnormal Development of the Kidney . Chicago: 
Year Book; 1972. 


In the third period, weeks 20 through 36, the ampullae advance 
beyond the attachment point of the arcade, toward the outer surface. 
The ampullae do not branch but induce five to seven nephrons, each of 
which will have a direct connection to the developing collecting tubule. 
This type of nephron attachment predominates in the outer cortex of 
the mature kidney (Figure 34.4 ). Since nephrons retain contact with 
their ampullae of origin, either through arcades or directly, the 
longitudinal growth of the collecting tubules positions the attached 
glomeruli in the cortex. In the fourth period, beginning at 32 to 36 
weeks, the ampullae disappear, and no new nephrons form. Normally, 
nephrogenesis does not occur beyond 36 weeks of gestation. The last 
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nephrons formed are in the outer cortex with their glomeruli near the 
renal capsule. 


Figure 34.4 Diagram demonstrating the pattern of nephrons and 
collecting tubules at birth. A. The most common arrangement is for 
each collecting tubule to have a single arcade composed of three to 
five nephrons and five to seven nephrons individually attached. B. 
Depending on the division of the ampullary tips, other variations are 
possible. Modified with permission from: 

Potter EL. Normal and Abnormal Development of the Kidney . Chicago: 
Year Book; 1972. 


Nephron Formation 


Over 100 years ago, investigations by Herring and Huber provided a 
fairly accurate morphologic view of human nephron development 
(Figure 34.5 ) (1 ,2 ). They were also prescient in regard to some 


mechanisms of nephrogenesis; for example, the development of 
glomerular capillaries. From eight weeks of gestation, the nephrons 
and collecting duct system develop together. The stages in individual 
nephron development do not vary and occur continously throughout 
the periods of collecting duct formation. The formation of nephrons can 
be divided into two phases: the induction stage and the morphogenetic 
stage (7 ,8 ,23 ). In the induction stage, the mesenchyme condenses 
around the ampullary tips in response to inducing signals from the 
ureteric bud. Two types of mesenchymal condensates form in this 
induction stage prior to epithelial differentiation of the mesenchyme 
(24 ). The first condensate, called the cap , closely surrounds each 
ampullary tip. A short time later, another condensate, termed the 
pretubular aggregate , forms at the lateral edges of the ampullary tip, 
below the cap. At the stage of ureteric bud division, forming a T- 
Shaped structure, two pretubular aggregates may be observed, one on 
each side of the T bud. The caps and pretubular aggregates can be 
distinguished by histology. The cap is believed to regulate ureteric bud 
branching, whereas the pretubular aggregate is destined to form the 
nephron. 


The morphogenetic stage of nephron formation involves several 
complex phases (Figure 34.5 ). First, the cells of the pretubular 
aggregate undergo a mesenchyme-to-epithelium transition, 
characterized by expression of epithelial markers and synthesis of 
basement membrane matrix glycoproteins. The cells develop 
intercellular junctions and become polarized and surrounded by a basal 
lamina, forming a structure termed the vesicle. A central cavity may be 
observed in the vesicle. Soon after formation, the vesicle fuses to the 
ureteric duct epithelium, and a continuous basal lamina surrounds both 
the vesicle and the duct. Opposite the area of fusion between the 
vesicle and the ureteric duct, a vascular cleft develops representing 
the site where the glomerular capillaries will emerge. The vesicle 
becomes a comma-shaped tubular structure. Another crevice forms 
near the fusion between the comma structure and the ureteric duct. 
After elongation and folding, an S-shaped figure (representing an early 


nephron) forms (Figure 34.6 ). At this stage, the S-shaped body is 
already compartmentalized into distinct cell types that are arranged 
into three areas. The vascular cleft lies below the upper and middle 
limbs of the S-shaped body and above the lower limb. The upper limb 
(connected to the ureteric duct) and the middle limb (also known as 
Stoerk's complex ) generate the proximal and distal convoluted tubules 
and the loops of Henle. The lower limb, most distant from the ureteric 
bud, differentiates into the parietal and visceral epithelium of the 
glomerulus. 


Active nephron formation occurs across the developing renal cortex in 
a band, known as the nephrogenic zone (termed the neogenic zone in 
early studies) (Figures 34.7 ,34.8 ,34.9 ). After nephron formation 
ceases, generally by 36 weeks of gestation, the nephrogenic zone 
disappears (Figure 34.10 ). The growth of the collecting ducts and the 
incremental formation of nephrons result in a centrifugal 
developmental pattern extending through the renal cortex. The earliest 
nephrons to form are found in the juxtamedullary zone of cortex, 
whereas the last nephrons to develop are in the outer cortex. This 
principle is fundamental to understanding postnatal structural changes 
in the kidney and is sometimes useful in the timing of developmental 
disturbances in the cortex. For example, a disturbance during the early 
months of development may result in an abnormality of the entire 
cortical thickness, whereas one that occurs in the last half of gestation 
may involve only the outermost layers of cortical nephrons. In 
summary, the coincident processes of ureteral-derived epithelial 
branching and nephron formation largely establish the basic 
architectural organization of the kidney. 
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Figure 34.5 Huber's schematic drawings of nephron development. 1. 
Condensation stage with the cap and the pretubular aggregate. A renal 
vesicle (right ) is present. 2. Comma-shaped body. 3. S-shaped body. 
4. Early glomerular capillary development, Bowman's capsule formation 
and tubule elongation. 5. Glomerular and tubule maturation (right ). 
Reprinted from: 

Huber GC. On the development and shape of uriniferous tubules of 
certain of the higher mammals. Am J Anat 1905; 4(suppl):1a€“98. 


Figure 34.6 Electron micrograph of S-shaped figure from newborn 
mouse kidney. The basement membranes are rendered black by 
labeling with anti-laminin IgG conjugated to horseradish peroxidase. 
The vascular cleft (arrows ), visceral epithelial cells (VE ), Bowman's 
space (BS ), parietal epithelial cells (PE ), and Bowman's capsule (BC ) 
can be seen. The visceral epithelial cells will differentiate into 
podocytes. Some parietal epithelial cells are becoming squamous 
(arrowhead ) and will line Bowman's capsule. The epithelial cells above 
the vascular cleft will give rise to the proximal tubules, loops of Henle, 
and distal convoluted tubules. (Magnification A—5000.) Modified with 
permission from: 

Clapp WL, Abrahamson DR. Development and gross anatomy of the 
kidney. In: Tisher CC, Brenner BM, eds. Renal Pathology . 2nd ed. 
Philadelphia: JB Lippincott; 1994:3a€“59. 
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Figure 34.7 Developing kidney at 21 weeks of gestation showing two 
medullary pyramids with surrounding cortex. The nephrogenic zone 
represents a thin layer outlining the peripheral aspects of the lobes, 
both at the surface and in the midplane of the septa (column) of 
Bertin, between the two renal lobes. 


Glomerulogenesis 


To appreciate how some glomerular diseases arise or how the 
glomerulus responds to injury, an understanding of glomerular 
development is indispensable. Glomerular development proceeds 
through a sequence of structures described as vesicle, comma-shaped, 
S-shaped, capillary loop, and maturing glomerulus stages (9 ,25 ,26 ). 
The vesicle and comma-shaped stages were discussed previously. At 
the S-shaped stage, the lower limb beneath the vascular cleft 
separates into two layers (lips) divided by a narrow developing 
Bowman's space (Figure 34.6 ). Lining the upper, internal lip are the 
visceral epithelial cells, which will differentiate into podocytes. On the 
opposite side of Bowman's space, the cells of the lower, outer lip will 
become the parietal epithelial cells lining Bowman's capsule. 


Figure 34.8 Nephrogenic zone from developing kidney at 26 weeks of 
gestation illustrating several stages of nephron formation. 


Figure 34.9 Higher magnification of same field as in Figure 34.7 . In 
the center, pretubular aggregates (early renal vesicles) are present on 
either side of the ureteric duct. An early S-shaped body is present (left 


ye 


During the S-shaped stage, microvessels can often be identified within 
the vascular cleft of the S-figure. Because this vascular cleft is the site 
where the glomerular capillaries emerge, the origin of the microvessels 
has generated considerable study. A long-standing question has been 


whether the glomerular endothelial cells have an angiogenic or a 
vasculogenic origin. Earlier evidence favored the process of 
angiogenesis, whereby endothelial cells sprout from external vessels 
that grow into the kidney. More recent studies 
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provide compelling evidence for a vasculogenic mechanism, whereby 
endothelial cells of the early glomerular capillaries originate from 
intrinsic angioblasts, likely derived from the metanephric mesenchyme 
(27 ,28 ). Release of growth factors, such as vascular endothelial 
growth factor (VEGF), from the immature podocytes may attract the 
angioblasts, expressing VEGF receptors (as Flk1) into the vascular 
clefts. Other signaling systems such as the angiopoietin (ligand)-Tie 
(receptor) axis also play a role in endothelial cell and vascular 
development (29 ). At this stage, the endothelial cells contain few 
fenestrae. The early podocytes are cuboidal or columnar, whereas the 
parietal epithelial cells are already flattening. Situated between the 
endothelial and podocyte layers are two basement membranes. The 
basement membrane beneath the podocytes is usually thicker and 
more continuous than the one underneath the endothelial cells. 


Figure 34.10 Newborn kidney (40 weeks of gestation). Note the 
absence of a nephrogenic zone. Some glomeruli are near the renal 
Capsule. 
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During the capillary loop stage, the capillaries start to fill out into an 
expanding Bowman's space. The endothelial cells flatten and develop 
numerous fenestrae. The podocytes develop a complex cellular 
architecture as they become terminally differentiated and cease to 
undergo mitosis. They flatten and form cytoplasmic primary processes, 
which in turn, extend foot processes that interdigitate with those from 
adjacent podocytes and adhere to the developing glomerular basement 
membrane (GBM). Intercellular junctional complexes are present at the 
apical membranes between podocytes. With foot process development, 
these junctions migrate down the lateral surfaces of the emerging foot 
processes and disappear, when they are either replaced by or 
converted into the slit diaphragms (26 ). Slit diaphragms, specialized 
intercellular junctions, bridge the space between adjacent foot 
processes. The slit diaphragm is connected to the podocyte 


cytoskeleton as part of a multifunctional protein complex that includes 
nephrin, CD2-associated protein (CD2AP), and podocin (30 ,31 ). 
Nephrin is the protein encoded by the NPHS1 gene that is mutated in 
congenital nephrotic syndrome of the Finnish type, which is associated 
with loss of the slit diaphragm, abnormal foot processes, and massive 
proteinuria (32 ). Thus, the slit diaphragm is critical for maintaining 
podocyte architecture and the glomerular filtration barrier. The dual 
GBM, synthesized by both the endothelium and podocytes, is still 
present, but areas of fusion between the two membranes are found. 
Beginning during the capillary loop stage, a complex series of 
transitions in the GBM protein composition occurs. There is 
developmental switching of both type IV collagen and laminin isoforms 
in the GBM, events which are essential for forming normal glomerular 
capillaries (26 ,33 ). 


Glomeruli in the maturing stage resemble adult glomeruli by histology 
but are smaller in diameter. The podocytes of the maturing glomeruli 
may have a cuboidal appearance. A single fused GBM predominates, 
and areas of dual unfused basement membranes are rarely seen. At 
this time, the synthesis of components for the GBM is largely by the 
podocytes. In areas where foot process interdigitation is continuing, 
irregular outpocketings of basement membrane are found beneath the 
podocytes. These outpocketings, or loops, reflect newly synthesized 
GBM that will be deposited into the existing GBM. 


The development of the mesangium occurs relatively later in 
glomerulogenesis. Although the mesangial cells likely derive from the 
metanephric mesenchyme, their origin is not entirely clear. The 
mesangial cell precursors are distinct from the VEGF receptor 
expressing angioblasts that differentiate into the glomerular 
endothelial cells. However, the emergence of mesangial cells in the 
glomerulus is dependent on platelet-derived growth factor-B (PDGF-B), 
produced by podocytes and endothelial cells, and its receptor, PDGF 
receptor-B (PDGF-RB), expressed on mesangial cells (34 ). 


Development of the Juxtaglomerular 
Apparatus 


In the human mesonephros, a complete juxtaglomerular apparatus has 
not been observed, although renin-expressing cells have been noted 
(35 ). Renin expression in the metanephric kidney has been detected 
as early as eight weeks of gestation, and renin mRNA levels are 
significantly higher in the developing kidney than in the adult organ 
(35 ,36 ). In the developing kidney, renin-expressing cells are found in 
intrarenal arteries, including the arcuate and interlobular arteries. As 
development progresses, the distribution of renin-expressing cells 
shifts from the larger vessels to the juxtaglomerular 
apparatusa€”primarily to the terminal afferent arteriolea€”in the 
mature kidney (37 ,8 ). However, within the afferent arterioles 
themselves, heterogeneous patterns of renin expression exist (39 ). 
The juxtaglomerular (JG) cell, as a cellular component of the mature 
juxtaglomerular apparatus, is located in the wall of the terminal 
afferent arteriole close to the glomerulus. Studies of the embryonic 
origin and lineage of JG cells have demonstrated that JG cells originate 
from renin-expressing precursor cells of the metanephric blastema 
rather than an extrarenal source (40 ). Furthermore, studies have 
provided in vivo genetic evidence that renin precursor cells, in addition 
to differentiation into JG cells, can also differentiate into nona€“renin- 
expressing cells, such as vascular smooth muscle cells and glomerular 
mesangial cells (41 ). 


Development of the Interstitium 


Compared to other parenchymal components, there is far less known 
about the interstitium (stroma) in kidney development. In addition to 
providing a structural framework around the other components, an 
emerging view is that the developing interstitium plays an essential 
role in nephron and collecting duct differentiation (42 ,43 ,44 ). A 
traditional view is that cells of the metanephric mesenchyme not 
induced by the ureteric bud will become interstitial (stroma) cells. 


However, it is now believed that stroma cells arise 
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from different cell lineages within the metanephric mesenchyme and 
also separate from the mesenchyme. A loose stroma containing 
spindle-shaped cells surrounds the early ureteric bud branches and 
early nephrons and is known as the primary interstitium (or clear-cell 
type stroma). As nephrogenesis proceeds, a cortical interstitium and a 
medullary interstitium, each with distinct cellular phenotypes, forms. 
Although the interstitial cells resemble fibroblasts, dendritic cells, 
macrophages, or lymphocytes according to morphologic and 
immunophenotypical findings, their origins and functions are 
mysterious (45 ,46 ,47 ). There is accumulated evidence to indicate 
that signals emanating from cells in the interstitium as well as the 
renal capsule are essential for normal nephron and collecting duct 
development (42 ,43 ,44 ). These important stromal cella€“expressed 
molecules include Foxd1, RARi+, RARI22, FGF-7, BMP4, Podl and Pbx1 
(Table 34.1 ). 


Structural fibers extending between the ureteric bud ampulla and the 
renal capsule may represent a morphologic correlate that in part 
mediates the signals between the developing collecting duct and the 
capsule (48 ). 


Apoptosis 

In addition to prominent cell proliferation in the nephrogenic zone of 
the cortex, cell proliferation also contributes to the differentiation of 
the medullary tubules (49 ,50 ). Considering the widespread nature of 
apoptosis during embryologic development, it is not surprising that it 
occurs in kidney organogenesis. However, unlike the well-known 
function of apoptosis in the formation of nonwebbed digits, the biologic 
role of apoptosis in kidney development is not as apparent. During 
normal nephrogenesis, apoptosis has been observed within uninduced 
metanephric mesenchyme (51,52 ), comma-shaped bodies (53 ), 
developing tubules (52 ,54 ,55 ), stromal cells surrounding the tubules 


(51 ), and immature glomeruli (56 ). As shown by several genetic 
defects in signaling between the mesenchyme and ureteric bud (Table 
34.1 ), the metanephric mesenchyme is programmed to undergo 
massive apoptosis if it fails to be induced by the ureteric bud. At later 
stages of kidney development, apoptosis plays a role in remodeling the 
cell composition of medullary collecting ducts (54 ) and in the 
differentiation of the loops of Henle (55 ). Intercalated cells, involved 
in urine acidification, are removed from the developing medullary 
collecting duct by apoptosis or simple extrusion from the epithelium 
(Figures 34.11 ,34.12 ) (54 ). Also, in developing glomeruli, 
endothelial cells are removed by apoptosis during capillary lumen 
formation (55 ), and apoptosis can be observed in the parietal 
epithelium during glomerular development (Figure 34.13 ). 


Figure 34.11 Developing medullary collecting duct in a postnatal 
kidney. After etching with sodium methoxide, toluidine blue is removed 
from normal nuclei but remains in the nuclear fragments of apoptotic 
bodies (magnification A—300; courtesy of Dr. Jin Kim). 


Figure 34.12 Electron micrograph of a postnatal medullary collecting 
duct illustrating a phagocytosed apoptotic body composed of a nucleus 
with condensed chromatin and organelle remnants (magnification 
A—1200; courtesy of Dr. Jin Kim). 


Figure 34.13 Micrograph from cortical nephrogenic zone of a fetal 
kidney demonstrating labeling for apoptosis in parietal epithelium of a 
developing glomerulus. Cells with fragmented DNA are identified by a 
Tdt-mediated dUTP-biotin nick end-labeling (TUNEL) immunoperoxidase 
method. (Courtesy of Dr. Jin Kim.) 
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There are disparate findings considering the quantitative scale of 
apoptosis during nephrogenesis (52 ,57 ). However, a role for 
apoptosis during nephrogenesis is further evidenced by the fact that 
mice deficient for Bcl-2 , the major antiapoptotic regulator, have 
fulminant apoptosis of the metanephric mesenchyme, develop multiple 
cysts, and die of renal failure (58 ). Considering the above findings and 
the complex morphogenetic processes occurring during nephrogenesis, 
it seems likely that apoptosis plays a role in sculpting the kidney. 


Molecular Regulation of Kidney Development 


To make a kidney requires an orchestration of numerous complex 
cellular and molecular events. Several experimental approaches and 
model systems have enhanced our understanding of kidney 
development. A variety of in vitro studies have been valuable, 
including organic culture of metanephric rudiments, pioneered by 
Grobstein (7 ), and cell cultures of individual nephrogenic lineages. 
Gene targeting studies such as gene ablation in mice 

(a€oeknockouta€* mice) have provided powerful in vivo evidence for 
the role of certain genes in nephrogenesis. A detailed review of the 
molecular aspects of nephrogenesis is beyond the scope of this 
chapter, but several reviews are available (9 ,10 ,11 ,12 ,59 ,60 ,61 ). 
Table 34.1 outlines some of the genes involved in mammalian kidney 
development, their encoded protein functions, their normal expression 
in the developing kidney, and the mutant kidney phenotypes that result 
from their ablation in mice. In addition, the known human syndromes 
caused by naturally occurring mutations in these genes are noted. The 
genes are listed under the cellular process (specification of 
nephrogenic mesenchyme, cell survival, cell proliferation, ureteric bud 
branching, mesenchymal-to-epithelial transition, glomerulogenesis and 
nephron differentiation) in which they are believed to have an 
important function (60 ). Where some of the genes are temporally 
positioned (upstream or downstream to one another) in the functional 
cascade of kidney organogenesis remains to be determined. 


Compelling evidence exists to indicate that some genes, for example 
WT1 , Pax 2, and Pod1 , play multiple roles during nephrogenesis. Note 
that these particular genes are placed under more than one 
nephrogenic cellular process in Table 34.1 . The listing of the genes in 
Table 34.1 is based predominantly on in vivo genetic evidence. The 
generation of knockout mice using homologous recombination in 
embryonic stem cells has been very informative. However, embryonic 
lethality and pleiotropic phenotypes may occur, preventing an analysis 
of the significance of the targeted gene in nephrogenesis. Creating 
a€ceconditionala€* knockout mice by disrupting genes only in specific 
renal cell types using site-specific DNA recombinase systems (e.g., 
Cre-lox P system) will provide important insights into kidney 
development (62 ). Moreover, some of the mutant kidney phenotypes 
will serve as valuable models for human disease. 


In the near future, a list similar to Table 34.1 will be significantly 
lengthened. There will be a greater appreciation for the multiple roles 
that some genes have during nephrogenesis. However, our 
understanding of the cellular and molecular events that underlie the 
dynamics of kidney formation will be enhanced. In addition to a 
morphogenetic role during kidney organogenesis, some genes have an 
important physiologic function in the adult kidney. Also, the tabulated 
genes and their encoded proteins will no doubt be useful as lineage- or 
cell-specific markers to study renal diseases, including tumors. 


Gross Anatomy 


Kidney Position and Blood Supply 


Upon formation, the metanephric kidneys are situated close to each 
other in the pelvis at the level of the upper sacrum. Between the sixth 
and ninth weeks of gestation, the kidneys are found further apart and 
at higher levels in the abdomen until they reach their final upper 
lumbar position (178 ). This a€oeascenta€* of the kidneys is believed 
to result largely from differential growth of the caudal part of the 


embryo away from the kidneys (179 ,180 ). However, others have 
argued that the cephalad movement of the kidneys is active and not 
caused by differential growth of the vertebral column (181 ). With this 
migration, the renal hilum, where the main vessels enter and exit, 
rotates from a ventral orientation to face anteriomedially. Initially, the 
kidneys receive their blood supply from branches of the common iliac 
arteries. With their ascension, the kidneys are supplied by arteries 
originating from progressively higher levels of the distal aorta (178 ). 
The question of whether some of these vessels anastomose in a 
periaortic plexus is not well studied (182 ). As the ascending kidneys 
receive new branches from the aorta, the older, caudal branches 
undergo involution. Persistence of these inferior vessels may result in 
accessory renal arteries. The most cephalad branches arising from the 
abdominal aorta become the permanent main renal arteries. 


Kidney Weight and Configuration 


The various reference values reported for fetal and neonatal kidney 
weights correspond relatively closely, despite potential variability due 
to factors such as the social and economic status and the level of 

health care in a given population (183 ,184 ,185 ,186 ,187 ,188 ). 
Separate values from nonmacerated and macerated cases are available 
(188 ), as well as values using prefixation (187 ,188 ) and postfixation 
weighing (183 ,186 ) of the kidneys. Data for the combined weight 

(right and left) of the kidneys during the second 
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and third trimesters are shown in Figure 34.14 . Different reference 
values published for combined kidney weights during infancy and 


childhood also favorably compare (183 ,189 ). The data of Emery and 
Mithal (183 ) are illustrated (Figure 34.15 ). 


Specification of the Nephrogenic Mesenchyme 

Lim 1 

Transcription factor 

Intermediate mesoderm, nephric duct, mesonephros, ureteric bud, 
collecting ducts, pretubular aggregates, S-shaped bodies, podocytes 
Absent pro-, meso-, and metanephros (Lim 1 required at multiple steps 
of kidney development) 

(63 ,64 ,65 ) 

Eyal 

(Mutations in  branchiooto-renal [BOR] syndrome) 

Transcription coactivator (interacts with Six1 ) 

Intermediate mesoderm, uninduced and induced metanephric 
mesenchyme 

Intact pro- and mesonephros, but absent metanephric blastema, renal 
agenesis 

(66 ,67 ,68 ) 

Six 

(Mutations in  branchiooto-renal [BOR] syndrome) 

Transcription factor (interacts with Eyal ) 

Uninduced and induced metanephric mesenchyme and collecting 
tubules 

Ureteric bud forms but does not fully invade metanephric mesenchyme, 
which undergoes apoptosis, renal agenesis 

(69 a€“70 ) 

Sall 1 

(Mutations in Townes-Brocks syndrome) 

Transcription factor 

Mesonephros, induced metanephric mesenchyme 

Ureteric bud forms but does not fully invade metanephric mesenchyme, 
which undergoes apoptosis, renal hypoplasia, or agenesis 

(71) 

Hoxa11 , Hoxd11 


Transcription factors 

Intermediate mesoderm, metanephric mesenchyme 

Impaired ureteric bud branching, renal hypoplasia in Hoxall /Hoxdll 
double mutants 

(72 ,73 ) 

Pax 2 

Transcription factor 

Intermediate mesoderm, nephric duct, mesonephros, ureteric bud, 
induced metanephric mesenchyme 

Intact nephric duct but mesonephric tubules and ureteric bud fail to 
form, renal agenesis 

(74,75,76) 

WT1 

Transcription factor 

Intermediate mesoderm, mesonephros, uninduced and induced 
metanephric mesenchyme, comma- and S-shaped bodies, podocytes 
Absent caudal mesonephros, ureteric bud fails to form, metanephric 
mesenchyme undergoes apoptosis, renal agenesis 

(77 ,78 ) 

Foxcl/2 

Transcription factor 

Intermediate mesoderm, mesonephros, uninduced and induced 
metanephric mesenchyme 

Double ureters with one a hydroureter, duplex kidneys (Foxcl /Foxc2 
compound heterozygous mutants similar to Foxcl homozygous 
mutants) 

(79 ,80 ) 

Slit2 

Secreted protein 

Mesonephric duct, anterior intermediate mesoderm, ureteric bud tips 
Supernumerary ureteric buds, hydroureter, fused multiple kidneys 
(81 ) 

Robo2 

Transmembrane (receptor for Slit2 ) 


Intermediate mesoderm, induced metanephric mesenchyme 
Supernumerary ureteric buds, hydroureter, fused multiple kidneys 
(81 ) 

Cell Survival 

BMP7 

Growth factor 

Mesonephric duct, ureteric bud, induced metanephric mesenchyme, 
distal tubules, comma-and S-shaped bodies, podocytes 

Increased apoptosis in metanephric mesenchyme, decreased ureter 
bud branching, hydroureter, severe renal hypoplasia 

(82 ,83 ,84 ) 

FGF-8 

Growth factor 

Pretubular aggregates, vesicles, tubule progenitors in S body 
Increased apoptosis in S body precursors, truncated nephrons, severe 
renal hypoplasia 

(85 ,86 ) 

Bcl-2 

Antiapoptotic factor 

Ureteric bud, induced metanephric mesenchyme, parietal epithelium of 
Bowman's capsule, tubules and collecting ducts 

Increased apoptosis especially in metanephric mesenchyme, cysts in 
tubules and collecting ducts, severe renal hypoplasia. 

(87 ,88 ) 

AP-2 Î? 

Transcription factor 

Distal tubules and collecting ducts 

Increased apoptosis and cyst formation in distal tubules and collecting 
ducts 

(89 ,90 ) 

Pax-2 

(Heterozygous mutations in renal-coloboma syndrome) 
Transcription factor 

Intermediate mesoderm, nephric duct, mesonephros, ureteric bud, 


induced metanephric mesenchyme 

Heterozygous Pax-2 mutations result in increased apoptosis in 
collecting ducts, reduced ureteric branching, hypoplastic kidneys 
(91 ,92 ,93 ) 

Cell Proliferation 

FGF-7 

Growth factor 

Interstitial fibroblasts or stroma surrounding ureteric bud and 
developing collecting ducts 

Decreased growth of ureteric bud and collecting ducts, decreased 
number of nephrons, renal hypoplasia 

(94 ) 

N-Myc 

Transcription factor 

Induced metanephric mesenchyme 

Decreased cell proliferation, decreased ureteric bud tips and nephrons, 
renal hypoplasia 

(95) 

Glypican-3 

(Mutations in Simpson-Golabi-Behmel syndrome) 

Heparan sulfate proteoglycan 

All metanephric mesenchyme and ureteric bud derivatives 
Increased cell proliferation in cortical collecting ducts, increased 
apoptosis in medullary collecting ducts, renal medullary cystic 
dysplasia 

(96 59:7) 

Branching of the Ureteric Bud 

GDNF 

Growth factor 

Intermediate mesoderm, mesonephros, induced metanephric 
mesenchyme, pretubular aggregates 

Ureteric bud fails to form or has abnormal branching, renal hypoplasia 
or agenesis 

(98 ,99 ,100 ) 


c-ret 

GF receptor (TK) (receptor for GDNF ) 

Mesonephric duct, ureteric bud and tips of ureteric bud 

Similar to GDNF-deficient mice 

(101 ,102 ) 

GFR {+1 

GF coreceptor (forms signaling complex with GDNF and c-ret ) 
Induced metanephric mesenchyme, pretubular aggregates, 
mesonephric duct, ureteric bud and tips of ureteric bud 

Similar to GDNF-deficient mice 

(103 ) 

GDF11 

Growth factor 

Mesonephric duct, uninduced and induced metanephric mesenchyme, 
ureteric bud and branches 

No ureteric bud formation, metanephric mesenchyme undergoes 
apoptosis, renal hypoplasia or agenesis 

(104 ) 

Sproutyl 

Receptor (TK) antagonist 

Mesonephric duct, ureteric bud and tips of ureteric bud 
Supernumerary ureteric buds, multiple ureters, multiplex kidneys 
(105 ) 

Emx2 

Transcription factor 

Intermediate mesoderm, mesonephric duct, mesonephros, ureteric 
bud, comma- and S-shaped bodies 

Ureteric bud invades metanephric mesenchyme but fails to dilate or 
branch, no induction of mesenchyme, renal agenesis 

(106 ) 

RAR I+, RAR Î?2 

Transcription factors 

RARi+a€”ureteric bud, metanephric mesenchyme, stroma 
RARI22a€"stroma only 


Decreased ureteric bud branching (defective stroma signaling) in RAR 
Î=/ 122 double mutants, renal hypoplasia 

(107 ,108 ) 

BMP4 

Bone morphogenetic protein 

Stromal mesenchymal cells around ureteric bud branches 

Reduced and ectopic ureteral branching, ectopic ureterovesical 
junction, hydoureter, double collecting ducts, hypo/dysplastic kidneys 
(heterozygous BMP4 null mice) 

(109 ) 

Podl 

Transcription factor 

Induced metanephric mesenchyme, stromal cells and podocytes 
Decreased ureteric branching, arrest in tubular and glomerular 
differentiation, renal hypoplasia 

(110 ) 

Heparan sulfate 2-sulfotransferase 

Enzyme (synthesis of heparan sulfate, a component of HS 
proteoglycan) 

Mesonephric duct, transient in ureteric bud, metanephric mesenchyme 
Ureteric bud outgrowth but no branching, no condensation of 
metanephric mesenchyme, renal agenesis 

(111 ) 

Integrin [+8 

Transmembrane adhesion receptor 

Intermediate mesoderm, induced metanephric mesenchyme, pretubular 
aggregates 

Limited ureteric bud invasion of metanephric mesenchyme, decreased 
ureteric branching, renal hypoplasia or agenesis 

(i122) 

Integrin [+3 [21 

Transmembrane adhesion receptor 

Ureteric bud, collecting ducts, podocytes 

Decreased branching of medullary collecting ducts, microcystic 


proximal tubules, defective glomerulogenesis 

(113 ) 

Pbxl 

Transcription factor 

Induced metanephric mesenchyme and stromal cells 

Decreased and irregular ureteric bud branching, large mesenchymal 
condensates, renal hypoplasia or unilateral agenesis 

(114 ) 

Greml 

Bone morphogenetic protein (BMP) antagonist 

Intermediate mesoderm, mesonephric duct, metanephric mesenchyme 
Ureteric bud forms but fails to invade metanephric mesenchyme, which 
undergoes apoptosis, renal agenesis 

(115 ) 

Wnt11 

Secreted glycoprotein 

Ureteric bud tips 

Loss of ureteric tips, reduced ureteric branching, renal hypoplasia 
(116 ) 

Formin 

(Mutations in mice cause the limb deformity syndrome) 

Protein that regulates cytoskeleton function 

Mesonephric duct, mesonephros, ureteric bud, metanephric 
mesenchyme 

Decreased ureteric bud outgrowth, renal hypoplasia, unilateral or 
bilateral renal agenesis 

(117 ) 

Angiotensinogen (Agt ) 

Renin substrate 

Ureteric bud, stroma, S-shaped bodies, glomeruli, proximal tubules 
Hypoplastic papillae, hydronephrosis, thickened blood vessels, reduced 
blood pressure 

(118 ,119 ) 

Renin 


Enzyme (cleaves Agt to form angiotensin |) 

Developing arcuate and interlobular arteries and afferent arterioles, 
restricted to juxtaglomerular apparatus with maturity 

Hypoplasic papillae, hydronephrosis, thickened blood vessels, reduced 
blood pressure 

(120 ,121 ) 

Angiotensin converting enzyme (ACE ) 

Enzyme (converts angiotensin | to angiotensin Il) 

Glomeruli, proximal tubules and collecting ducts, small arteries 
Hypoplastic papillae, hydronephrosis, thickened blood vessels, reduced 
blood pressure 


(122 ) 
Angiotensin Il receptor, type 1 (ATi ) 
Angiotensin II receptor 


Ureteric bud, stroma, S-shaped bodies, proximal tubules, collecting 
ducts 

Hypoplastic papillae, hydronephrosis, thickened blood vessels, reduced 
blood pressure 


(123 ,124 ) 
Angiotensin II receptor, type 2 (AT? ) 
Angiotensin II receptor 


Stroma adjacent to ureteric bud stalk 

3% have abnormalities, duplicated collecting system, and 
hydronephrotic upper pole 

(125 ,126 ) 

Mesenchymal-to-E pithelial Transition 

Wnt4 

Secreted glycoprotein 

Pretubular aggregates, comma-shaped body, distal S-shaped body 
Ureteric bud branching occurs, no mesenchymal-epithelial transition, 
renal agenesis 

(127 ) 

Wnt9b 

Secreted glycoprotein 


Mesonephric duct, ureteric bud and collecting ducts but not branching 
tips 

No mesenchymal-epithelial transition, renal agenesis 

(128 ) 

Foxd1(BF2) 

Transcription factor 

Interstitial stroma cells 

Decreased ureteric bud branching, large mesenchymal condensates, 
abnormal renal capsule, small fused pelvic kidneys 

(129 ,130 ) 

Pod1 

Transcription factor 

Induced metanephric mesenchyme, stromal cells and podocytes 
Increased size of induced mesenchymal condensates, arrest in tubular 
and glomerular differentiation, renal hypoplasia 

(131 ) 

Frasl 

(Mutations in Fraser syndrome) 

Extracellular matrix (ECM) protein 

Basal side of ureteric ducts 

Ureteric bud invades metanephric mesenchyme but decreased 
induction, apoptosis of mesenchyme, renal hypoplasia or agenesis 
(152>,103 5) 

Gripl 

Cytoplasmic protein (interacts with Fras1 ) 

Basal side of ureteric ducts 

Similar abnormal phenotype as inFras1 -deficient mice 

(134 ) 

Cadherin-6 (K-cadherin ) 

Transmembrane adhesion protein 

Renal vesicle, proximal end of comma-and S-shaped bodies, developing 
proximal tubules and Henle's loops 

Delayed fusion of some comma-shaped bodies to ureteric bud leading 
to loss of nephrons 


(135 ) 

Glomerulogenesis 

WT1 

(Mutations in WAGR, Denys-Drash, and Frasier syndromes) 
Transcription factor 

Intermediate mesoderm, mesonephros, uninduced and induced 
metanephric mesenchyme, S-shaped body, podocytes 
Disturbed  podocyte differentiation, |glomerulosclerosis 

(136 ,137 ,138 ) 

PDGF-B 

Growth factor 

Glomerular endothelial cells and podocytes 

Dilated glomerular capillaries with no mesangial cells 

(139 ) 

PDGFR- Î? 

Growth factor receptor (receptor for PDGF-B ) 

Glomerular mesangial cells 

Dilated glomerular capillaries with no mesangial cells 

(140 ) 

Notch2 

Transmembrane receptor 

Developing collecting ducts, comma- and S-shaped bodies, podocytes 
Abnormal glomeruli arrested at capillary loop stage, with disorganized 
podocytes and no mesangial cells 

(141 ) 

VEGF-A 

Growth factor 

S-shaped bodies, podocytes, collecting ducts 

Small glomeruli, lack capillary loops, few endothelial cells 
(142 ) 

Laminin {+5 

Basement membrane protein 

Basement membranes of ureteric bud, developing tubules and 
glomerular basement membrane (GBM) 


Abnormal glomeruli with displaced endothelial and mesangial cells, and 
clustered podocytes 

(143 ) 

Laminin {22 

Basement membrane protein 

Glomerular basement membranes beginning at capillary loop stage 
Absence of podocyte foot processes, proteinuria 

(144 ) 

Laminin {+3 [21 

Transmembrane adhesion receptor 

Ureteric bud, collecting ducts, podocytes 

Glomerular capillary loops dilated and fewer in number, loss of 
podocyte foot processes, dual GBMs (failure of fusion) 

(113 ) 

Collagen IV [+3 

(Mutations in Alport syndrome) 

Basement membrane protein 

Forms heterodimer with Î+4 (IV) and Î+5 (IV) chains in GBM from 
capillary stage onward 

Thinning and a€ocebasket-weavea€* thickening of GBMs 

(145 ,146 ,147 ) 

Nephrin 

(Mutations in Congenital nephrotic syndrome of Finnish type) 
Transmembrane protein 

Podocyte filtration slit diaphragm 

Foot process effacement, absent filtration slit diaphragms, proteinuria 
(148 ) 

CD2AP 

Adapter protein (interacts with nephrin) 

Podocyte filtration slit diaphragm domain 

Irregular foot processes, absent filtration slit diaphragms, proteinuria 
(149 ) 

Podocin 

(Mutations in autosomal recessive steroid resistant nephrotic 


syndrome) 

Membrane protein (interacts with nephrin) 

Podocyte filtration slit diaphragm domain 

Irregular foot processes, absent filtration slit diaphragms, proteinuria 
(150 ) 

Î+-Actinin 

(Mutations in autosomal dominant focal segmental glomerulosclerosis 
[FSGS]) 

Cross-links actin filaments 

Podocyte filtration slit diaphragm domain 

Foot process effacement, GBM duplication, proteinuria, and FSGS 
(151 ,152 ) 

TRPC6 

(Mutations in autosomal dominant FSGS) 

Cation-channel 

Podocyte filtration slit diaphragm domain 

Foot process effacement and FSGS (humans) 

(153 ,154 ) 

Neph1 

Transmembrane protein (interacts with nephrin) 
Podocyte filtration slit diaphragm 

Foot process effacement, proteinuria 

(155 ) 

FAT1 

Protocadherin 

Podocyte filtration slit diaphragm 

Foot process effacement 

(156 ) 

Lmx1b 

(Mutations in nail patella syndrome) 

Transcription factor 

Podocytes 

Abnormal foot processes, absent filtration slit diaphragms 
(157 ,158 ) 


Podocalyxin 

CD34-related transmembrane protein 

Podocyte apical membrane domain 

Abnormal podocytes, foot process effacement, absent filtration slit 
diaphragms, anuria 

(159 ) 

GLEPP1 (Ptpro ) 

Receptor tyrosine phosphatase 

Podocyte apical membrane domain 

Shortened and widened podocyte foot processes, reduced glomerular 
filtration rate 

(160 ) 

Kreisler (Krml1/MafB ) 

Transcription factor 

Podocytes, initially at capillary loop stage 

Abnormal podocyte differentiation with no foot processes 

(161 ) 

Tubular  Differentation 

PKD1 (polycystin-1 ) 

(Mutations in autosomal dominant polycystic kidney disease [ADPKD]) 
Transmembrane protein (adhesion receptor, in cilia, interacts with 
polycystin- 2) 

Developing nephron segments and collecting ducts 

Renal cysts arising from developing nephron segments and collecting 
ducts 

(162 ,163 ,164 ,165 ) 

PKD2 (polycystin-2 ) (Mutations in autosomal dominant polycystic 
kidney disease [ADPKD]) 

Transmembrane protein (calcium channel, in cilia, interacts with 
polycystin-1) 

Developing nephron segments and collecting ducts 

Renal cysts arising from developing nephron segments and collecting 
ducts 

(166 ,167 ) 


Frem2 (Mutations in Fraser syndrome) 

Extracellular matrix (ECM) protein 

Mesonephros, ureteric bud especially at tips, tubule derivatives 
Cysts of collecting ducts and thick ascending limbs 

(168 ) 

Cox-2 (Cyclooxygenase-2) 

Enzyme (prostaglandin synthesis) 

Developing collecting ducts, S-shaped bodies, macula densa, cortical 
thick ascending limb, medullary interstitial cells 

Progressive postnatal outer cortical dysplasia, tubular cysts, and 
glomerular hypoplasia 

(169 ,170 ) 

EGFR 

Growth factor receptor (TK) 

Mesonephric duct, ureteric bud, collecting ducts 

Dilatation of collecting ducts, uremia 

(171 ,172 ) 

Brnl 

Transcription factor 

Renal vesicle, comma- and S-shaped bodies, developing Henle's loop 
(HL), distal convoluted tubule (DCT), macula densa (MD) 

Disrupted differentiation of HLs, MD, and DCT 

(173 ) 

Psen1/Psen2 

Presinilins-(transmembrane protein with Î3-secretase activity) 
Developing early nephron structures 

Renal vesicles and pretubular aggregates form, but no comma- or S- 
shaped bodies; proximal tubules and glomeruli fail to form 
(Psen1/Psen2 double null mutant mice with human PSEN1 transgene) 
(174 ,175 ) 

Tensin 

Adhesion protein (phosphoprotein, binds actin) 

Proximal and distal tubules (adult kidney) 

Hydronephrosis, cystic dilatation of proximal tubules 


(176 ) 

R-cadherin 

Transmembrane adhesion protein 

Induced metanephric mesenchyme, renal vesicle, comma- and S- 
shaped bodies 

Dilatation and cytoplasmic vacuolization of proximal tubules 

(177 ) 

(FSGS, focal segmental glomerulosclerosis; GBM, glomerular basement 
membrane 
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Table 34.1 Genes Involved in Kidney Development 


Figure 34.14 Mean combined (right and left) weight of kidneys from 
second and third trimester fetuses and neonates. Modified with 
permission from: 

Hansen K, Sung CJ, Huang C, Pinar H, Singer DB, Oyer CE. Reference 


values for second trimester fetal and neonatal organ weights and 
measurements. Pediatr Dev Pathol 2003;6:160a€“167. 


Figure 34.15 Mean combined (right and left) weight of kidneys at 
various postnatal ages. The middle black line represents the means. 
The 50th percentile (yellow band) and 95th percentile (blue lines) 
ranges are shown. Modified with permission from: 

Emery JL, Mithal A. The weights of kidneys in late intra-uterine life and 
childhood. J Clin Pathol 1960;13:490a€“493. 


Figure 34.16 Gross appearance of newborn kidneys. The rounded 
configuration with a relatively deeper sinus, characteristic of the 
infantile kidney, is seen on the sectioned surface. Fetal lobations are 
prominent on the external surface. 


The newborn kidney has a shorter, more rounded configuration than 
that of the adult. The upper and lower poles project further medially, 
so the renal sinus is relatively deeper in the infant (Figures 34.16 
,34.17 ) (190 ). The renal sinus of infants contains much less fat and 
connective tissue than in the adult, and the cortical septa (columns) of 
Bertin approach much closer to the pelvic-calyceal system. Figure 
34.17 illustrates the process of a€oeunrollinga€* of the renal poles 
during childhood, as the kidney assumes the more elongated 
configuration observed in adults. This change in configuration produces 
a shallower renal sinus with partial exteriorization of the pelvis. As the 
pelvic-calyceal system assumes a more exterior position, it also 
becomes displaced further from the parenchyma lining the sinus. The 
additional space created between the pelvic-calyceal system and the 
cortical columns of Bertin is normally filled with fat, which increases in 
quantity as the kidney approaches maturity. 


Fetal Lobations 


A renal lobe consists of a medullary pyramid and its surrounding 


cortical parenchyma (Figures 34.7 , 34.16 ). The centrilobar cortex 
covers the base of a pyramid, whereas the septal cortex surrounds the 
sides of a pyramid. Thus, a septum (column) of Bertin represents the 
confluence of two layers of septal cortex from two adjacent lobes. 
Although a lobe does not represent a functional renal unit, it may be 
viewed as an anatomic organizational unit (191 ). Lobation begins in 
the human kidney at six to seven weeks and proceeds to maximun 
development with an average of 14 lobes at 28 weeks of gestation 
(192 ,193 ). At this stage, generally 14 papillae and calyces are 
present, corresponding with the same number of lobes. Deep clefts on 
the surface separate the lobes. After the twenty-eighth week, a 
process of variable lobar fusion decreases the number of surface 
fissures, papillae, and calyces. The degree of calyceal fusion is greater 
than papillae fusion. In full-term infant kidneys, the mean 
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number reported for calyces is 9 and for papillae, it is 11 (193 ). 
Considerably more lobar fusion, creating compound papillae, occurs in 
the polar regions than in the midpolar region, where simple papillae 
are more likely to be retained. 
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Figure 34.17 Max BrAfdel's classic illustration of the process of 
unrolling of the kidney in postnatal life (from 

Kelley HA, Burnam CF. Diseases of the Kidneys, Ureters, and Bladder . 
Vol.1. New York: Appleton; 1925 

). The rounded configuration of the infantile organ becomes elongated 
as the upper and lower poles diverge and pelvic-calyceal structures are 
partially everted from their original position within the renal sinus. The 
Space thus created within the renal sinus is filled by fat, which is far 
more abundant in the adult kidney than in the infant kidney. 


The surface of the neonatal kidney is divided into polygons by 
prominent fissures that correspond roughly, although not precisely, to 
the lobar outlines (Figure 34.16 ). These fetal lobations usually 
decrease in prominence with advancing age, persisting longer on the 
ventral surface than the dorsal surface of the organ. Although there is 
considerable individual variation in the chronology of their 
disappearance, they are usually inconspicuous by 4 to 5 years of age 
(194 ). The only valid generalization is that fetal lobations usually 
diminish in number and prominence in the first few years of life, but 
they remain apparent, especially on the ventral surfaces, in a 
Significant proportion of adult kidneys. In one study, one or more 
interlobar fissures were detected in up to 50% of adult kidneys (193 ). 
In older children and adults, it is important to distinguish persistent 
fetal lobations from cortical scars. Fetal lobation is a more accurate 
term than fetal lobulation because a lobule is an architectural feature 
of the cortex, primarily observed on the histologic level. 


Histology 


Cortical Architecture 


The developing renal cortex has unique temporal and spatial features 
of organization. Each generation of nephrons, most easily observed 
histologically by the glomeruli, forms a a€oelayera€* over the 
preceeding generation. The earliest formed nephrons are situated in 
the inner cortex (juxtamedullary) near the future medulla, whereas the 
nephrogenic zone in the outer cortex (Superficial) contains the last 
nephrons formed. Between the thirty-second and thirty-sixth weeks of 
gestation, nephron formation ceases and the nephrogenic zone 
disappears. Although the nephrogenic zone persists in kidneys of 
children born prematurely (195 ,196 ), evidence suggests that 
postnatal nephrogenesis is suboptimal and does not occur after 40 
days (197 ). 


The histologic features of the developing renal cortex have been used 
as an index of fetal maturation (196 ). The ratio of the width of the 
nephrogenic zone to the width of the remaining cortex decreases in a 
linear fashion as the birth weight increases (185 ,198 ). This approach 
has been used to detect infants with reduced intrauterine growth in 
whom this ratio is less than expected for the birth weight. Using 
glomeruli as representative of nephrons, studies have employed 
counting the number of layers (or rows) of glomeruli from inner to 
outer cortex as a method to evaluate nephrogenesis (199 ,200 ,201 ). 
Each successive layer is assumed to represent a new glomerular 
a€cegeneration.a€* These estimates are performed on _ well-oriented 
sections that are orthogonal to the cortex and display a well-defined 
corticomedullary junction. 


The studies are in fair agreement between gestations of 24 to 36 
weeks, in which the average number of rows (nephron generations) of 
glomeruli are as follows: 5 to 7 (24 weeks), 8 to 9 (28 weeks), 9 to 10 
(32 weeks), and 10 to 14 (36 weeks). After the full complement of 
nephrons is attained by the normal fetus, subsequent renal growth 
reflects hypertrophy and maturation of the nephrons. As tubules 
elongate and increase in diameter, they become interposed between 
glomeruli. The glomeruli in the outer cortex of newborns are crowded 
together (Figure 34.10 ), whereas the older, more mature glomeruli 
deeper in the cortex are more widely separated. This process of 
tubular growth not only separates glomeruli from one another, but it 
also tends to separate them from the cortical surface near where they 
originally developed. In a normal term newborn, one observes many 
glomeruli very close to the renal capsule (Figure 34.10 ). By about 2 
months of age, the process of nephron growth has begun to separate 
the outermost glomeruli, and a narrow zone largely devoid of glomeruli 
develops beneath the renal capsule (Figure 34.18 ). This latter zone 
has been termed the cortex corticis (202 ). The cortex corticis becomes 
progressively wider during childhood (Figure 34.19 ). Although it is 
normal to find an occasional glomerulus adjacent to the 
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capsular surface in normal infants and children, the presence of 
numerous very superficial glomeruli Suggests defective renal growth 
during late fetal or early postnatal life. Abnormally crowded glomeruli 
also can be an important clue to defects in nephron growth and 
differentiation, which may involve only the outer cortex or the entire 
cortical mantle. Thus, the cortical architecture may be viewed as a 
record of the developmental history of the kidney. 


Figure 34.18 Renal cortex at 2 months of age. Glomeruli in the outer 
cortex are becoming more widely spaced due to tubular elongation. 
Superficial glomeruli are beginning to separate from the renal capsule, 
the first indication of the cortex corticis. 


Figure 34.19 Micrograph of well-developed renal cortex corticis. The 
zone without glomeruli beneath the distinct renal capsule is evident. 
Reprinted with permission from: 

Murphy WM, Grignon DJ, Perlman EJ. Tumors of the kidney, bladder, 
and related urinary structures. In: Atlas of Tumor Pathology . 4th 
series, fascicle 1. Washington, DC: Armed Forces Institute of 
Pathology; 2004. 


The cortex is subdivided into distinctly demarcated lobules by radially 
oriented groups of tubules termed medullary rays that extend from the 
base of the pyramids upward into the cortex (Figure 34.20 ). A lobule 
is defined as the cortical domain surrounding a medullary ray. Despite 
their name, the medullary rays (of Ferrein) actually are part of the 
cortex and contain the straight segments of the proximal tubule, the 
thick ascending limbs, and the collecting ducts. Medullary rays usually 
extend to near the cortical surface in infants but not in older children. 
The presence of complete medullary rays is a good indicator that the 
plane of a given section is perpendicular and reflective of the true 
thickness of the cortex. Medullary ray nodules are complex tangled 
tubular configurations commonly seen in the medullary rays of infants 
during the early months of life, being most prominent between 1 and 6 
months of age (Figure 34.21 ) (203 ). These structures apparently 
represent a normal transitory developmental phenomenon of variable 
prominence, which is pathologic only when extreme. 


Nephron Number 


The number of nephrons in a kidney is determined in utero. The final 
number is dependent on gestational age and a favorable intrauterine 
environment. Unbiased, precise stereological methods have been used 
to count glomeruli, which serve as a surrogate for nephron number. 
One study of human intrauterine renal growth revealed the glomerular 
number increased from 15,000 at 15 weeks of gestation to 740,000 by 
40 weeks (204 ). The greatest rate of nephron induction has been 
observed between 15 to 17 weeks of 
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gestation; however, approximately 60% of the total nephrons are 
believed to form during the third trimester (204 ). Nephron number, 
inferred from glomerular number estimates in children and adults 
without renal disease, is strongly correlated with birth weight (205 ). 
Intrauterine growth retardation has been shown to impair nephron 
formation, aS measured in fetuses and in infants dying within a year of 
birth (206 ,207 ). 


Figure 34.20 Kidney at 21 months of age. This perpendicularly 
oriented section illustrates the full length of several medullary rays 
that extend from the corticomedullary junction to a level near the 
cortex corticis. Each medullary ray marks the center of a cortical 
lobule. 


Figure 34.21 Medullary ray nodule. In the center of the micrograph, a 
tangled cluster of collecting ducts forms a nodule near the midportion 
of a medullary ray. This structure is usually transitory, being 
uncommon in the first month of life and extremely rare after 1 year of 
age. 
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It is apparent that a kidney having a quantitative abnormality, such as 
low nephron number, may not demonstrate an obvious defect of 
nephron spatial topography on histologic examination. However, 
studies have demonstrated an inverse correlation between the number 
of glomeruli and mean glomerular volume, suggesting glomeruli 


increase in size to compensate for an innate low nephron number (205 
,207 ). Large glomeruli may be susceptible to scarring. 
Glomerulomegaly has been used as an adverse factor to assess the risk 
of disease progression in childhood nephrotic syndrome (208 ). Thus, 
increased glomerular size (volume or area) may be useful as an 
indicator for nephron deficiency in individuals susceptible to renal 
disease. 


Until a few years ago, each human kidney was believed to contain one 
million nephrons. It is now appreciated that there is a remarkably wide 
variation in total nephrons per kidney among a€ocenormala€* adults, 
ranging from as low as 227,000 to over 2,000,000 (209 ,210 ,211 ). 
Nephron endowment is programmed in the perinatal period, capping 
the nephron number in an individual's lifetime. Some time ago, 
Brenner et al. (212 ) postulated that an inborn deficit of nephrons 
predisposes to acquired renal disease, including hypertension, in 
adults. A study showing that hypertensive individuals had fewer 
nephrons but a larger glomerular volume than age-matched 
normotensive controls supports this hypothesis (213 ). The endowment 
of nephrons from nephrogenesis and the developmental origins of renal 
disease are fertile areas for investigation. 


Glomerular Maturation and Growth 


Newly formed glomeruli are structurally distinctive, and their evolution 
toward a mature form is a gradual process. Because the period of 
glomerular development spans a six- to seven-month period of fetal 
life, a spectrum of maturational stages is normally present in infant 
kidneys. As mentioned before, this spectrum is organized in a 
temporal-spatial manner in the cortex. Familiarity with normal 
glomerular maturation can facilitate an assessment of the renal 
developmental status in infants. Dramatic changes in glomerular 
structure and size occur through the early months and years of life. For 
convenience of study, several stages of glomerular development have 
been defined in studies (214 ,215 ,216 ,217 ). Figure 34.22 shows 


representative glomeruli from the midcortical region of infants and 
children from birth to 9 years of age to illustrate the maturational 
changes. Figure 34.22A shows the characteristic appearance of 
recently formed glomeruli from a term newborn infant. In addition to 
their small size, the most obvious distinctions from mature glomeruli 
are the simple character of the tufts with relatively few capillary loops 
and the layer of cuboidal cells surfacing the visceral layer of the tuft. 
This cuboidal layer, representing developing podocytes, is often 
continuous and covers most of the circumference of the tufts. 
Ultrastructurally, these primitive podocytes are closely approximated 
to one another and often lack foot processes (Figure 34.23A ). The 
glomerular basement membrane (GBM) is thin and two lamina densa 
structures, representing basal laminae produced by endothelial cells 
and podocytes prior to their fusion into a single lamina, may be focally 
observed. The thickness of the GBM increases progressively with age 
(Figure 34.23 ). The approximate values for GBM thickness during 
childhood range as follows: 100 to 130 nm in fetal kidneys; 170 nm 
(A+ 30) at birth; 208 nm (A+ 24) at 1 year; 245 nm (A+ 49) at 2 
years; 268 nm (A+ 43) at 6 years; and 300 nm (A+ 42) by 10 years 
(216 ,218 ,219 ). The growth rate is greatest prior to 2 years of age. 
In contrast to adults, the GBM thickness in children appears less sex 
dependent (206 ). The data of Volger and colleagues, illustrating the 
increase in GBM (Figure 34.24A ) and lamina densa widths (Figure 
34.24B ) with age are shown. Further GBM growth in adolescence, 
which is less documented, must occur to reach the adult GBM thickness 
in men (373 nm A+ 42) and women (326 nm A+ 45) (220 ). 
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Figure 34.22 Normal midcortical glomeruli of six infants and children 
from birth to 9 years of age. All the micrographs were taken at the 
same magnification. A. Newborn. B. 6 months. C. 11 months. D. 21 
months. E. 5 years. F. 9 years. 
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Figure 34.23 A. Electron micrograph of a normal glomerulus from an 
infant 2 months of age. Note the continuous layer of primitive 
podocytes lacking foot processes and the thin glomerular basement 
membrane. B. Mature glomerulus from a patient 16 years of age, 
photographed at the same magnification as in A. There is prominent 
foot process development, and the glomerular basement membrane is 
distinctly thicker than in the infant. (Courtesy of Dr. Gary W. Mierau.) 
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Figure 34.24 Thickness of glomerular basement membrane (GBM) in 
children. A. Total thickness of GBM. B. Thickness of lamina densa (LD) 
portion of GBM. The thickness of both the total GBM and the LD 
increases rapidly in early childhood and slows in growth after 3 years 
of age. The mean GBM and LD thicknesses (red lines) and the 95th 
percentile ranges (yellow lines) are shown. Modified with permission 
from: 

Volger C, McAdams J, Homan SM. Glomerular basement membrane and 


lamina densa in infants and children: an ultrastructural evaluation. 
Pediatr Pathol 1987;:7:527a€"534. 


The continuous cuboidal layer of cells is transient as the maturing 
podocytes flatten over the surfaces of the developing capillaries. A few 
small clusters of cuboidal podocytes remain in infant glomeruli (Figure 
34.22 Ba€“C). After a glomerulus has been in existence for more than 
12 months, remnants of the cuboidal layer are usually not seen in 
normally developed glomeruli. In 1940, Gruenwald and Popper 
suggested that some podocytes may be sloughed into Bowman's space 
as part of the maturation process (214 ). In fact, several studies have 
demonstrated that podocytes are shed from the glomerulus and 
excreted in the urine in various glomerular diseases, as well as in 
healthy individuals (221 ,222 ). Moreover, most of the urinary 
podocytes are viable as evidenced by their ability to grow in culture 
under in vitro conditions. Whether podocyturia occurs in the normal 
neonate and infant remains to be established. The above podocyte 
alterations are coincident with the emergence of more conspicuous 
capillary loops (Figure 34.22 Ca€“D). Eventually, the capillary loops 
are arranged into lobules (Figure 34.22 Eda€“F). However, an occasional 
glomerulus with the small size and immature appearance of a neonatal 
glomerulus may be observed in older infants, especially in the outer 
one-third of the cortex (Figure 34.25 ). 


Glomerular growth during childhood has been evaluated in several 
investigations (223 ,224 ,225 ,226 ,227 ). In these studies, the source 
of renal tissue (postmortem or biopsy specimen), the observational 
technique (histology or microdissection), and the morphometric 
method varied. However, it is well established that glomerular size 
increases from birth into adolescence. Spouster and Emery (225 ) 
reported that the midcortical and juxtamedullary mean glomerular area 
in fetuses actually decreased between 12 and 20 weeks gestation. 
After this initial decrease, the 
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glomeruli remained at the same size until birth, after which they 


steadily grew. Moore et al. (226 ) observed that the mean glomerular 
diameter in normal children increased from 112 to 167 Aum between 
birth and 15 years of age, averaging 3.6 Aum per year during this 
period. Akaoka et al. (227 ) found that the mean glomerular tuft area 
in children with minimal change nephrotic syndrome and recurrent 
hematuria, increased from 6,600 Aum? to 11,000 Âum? between 2 and 
15 years of age. In the latter study, the glomerular capillary lumina 
area did not correlate with the glomerular tuft area, whereas the 
number of capillaries per glomerulus showed a positive correlation with 
the glomerular tuft area. Although some of the glomeruli were not 
normal in this study, the findings support the concept that glomerular 
growth occurs by an increase in the number or length of capillaries 
rather than by hemodynamic capillary dilatation. 


Figure 34.25 Persistent immature glomeruli at 12 months of age. Two 
miniature glomeruli with cuboidal cells at the periphery of the tuft are 
present near the renal capsule. Small numbers of defective glomeruli 
can be found in infant kidneys, but they are destined to undergo 
sclerosis and involution. 
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Juxtamedullary glomeruli are larger than superficial glomeruli at birth 
and during infancy. However, some uncertainty exists regarding these 
regional differences in glomerular size in later childhood and young 
adults. Some authors have observed no size difference between 


juxtamedullary and superficial glomeruli by the fourteenth to thirty- 
sixth postnatal month (223 ,225 ), whereas others have found a size 
difference persists until at least 15 years of age (224 ,226 ). 
Methodological differences in the studies or the wide variation in 
glomerular size existing among individuals (228 ) may account for 
these disparate findings. 


Investigations using stereological methods have provided estimates for 
the number of cells in glomeruli. Steffes et al. (229 ) observed that the 
total number of cells per glomerulus increased along with the mean 
glomerular volume in comparing normal individuals younger than 20 
years of age to those greater than 20 years. The number of endothelial 
cells and mesangial cells increased with age, whereas the number of 
podocytes remained unchanged with age. These results are consistent 
with the large amount of animal data indicating that mature podocytes 
are largely terminally differentiated and do not replicate. This concept 
is also supported by the expression pattern of cell cycle regulatory 
proteins during glomerulogenesis (230 ,231 ,232 ). The proliferation 
marker Ki-67 is expressed in podocyte precursors in comma- and S- 
Shaped bodies, but its expression is markedly reduced in podocytes of 
the glomerular capillary loop stage. The cyclin-dependent kinase (CDK) 
inhibitors p27 and p57 are absent in the comma- and S-shaped bodies 
but expressed in maturing podocytes of the capillary loop stage, as 
well as in mature podocytes in adult kidneys. These findings suggest 
the CDK inhibitors are involved with arresting the cell cycle of 
podocytes at the capillary loop stage and maintaining the fully mature 
podocytes in a quiescent differentiated state. 


Early Juxtamedullary Glomeruli 


The maturational process in the very early generations of glomeruli 
may be accelerated because, even in very young fetuses, these 
juxtamedullary glomeruli rarely possess a cuboidal layer and are 
considerably larger than their immediate superficial neighbors. 
Attention was drawn to these large juxtamedullary glomeruli in humans 


by Kampmeier, who noted that they subsequently disappeared, 
Suggesting that they were transient structures (233 ). Tsuda observed 
in human fetuses that the diameter of juxtamedullary glomeruli were 
nearly twice that of superficial glomeruli as early as three months of 
gestation (199 ). Emery and Macdonald noted that the disappearance 
of these large glomeruli, in the early months after birth, was 
associated with the presence of scarred glomeruli in the same region 
(234 ). These findings support Kampmeier's suggestion that they 
represent a transient population of nephrons. It is presumed that these 
precociously formed glomeruli are functionally important during fetal 
life and likely undergo involution early in the postnatal period. 
Relatively little study has been made of these interesting structures. 


Glomerulosclerosis in Infants 


Glomerulosclerosis in infantile kidneys is commonly observed. In most 
cases, it is a presumably normal phenomenon that must be 
distinguished from the pathologic changes of glomerular disease. In 
1909, Herxheimer concluded that sclerotic glomeruli usually 
represented defective development of glomeruli in otherwise normal 
kidneys and were not manifestations of a disease process (235 ). Other 
investigators have suggested this context of glomerulosclerosis might 
result from a vascular origin, excretion of toxic substances, or renal 
infection (236 ,237 ). 


Emery and Macdonald conducted thorough studies of 
glomerulosclerosis in children's kidneys that were 
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considered morphologically within normal limits (234 ). Their series of 
475 cases included kidneys from fetuses at 24 weeks of gestation to 
children 15 years of age. The percentage of sclerotic glomeruli in each 
kidney was most often in the range of 1 to 2% (65% of cases), 
although higher percentages from 3 to 10% affected glomeruli (30% of 
cases) were observed. The proportion of infants having sclerotic 
glomeruli was age dependent. Scarred glomeruli occurred in 25 to 40% 


of kidneys from late fetuses and newborns. They were detected in 70% 
of kidneys by 2 months of age, remaining near this level throughout 
the first year. Afterwards, their incidence steadily declined and was 
about 10% of children at 6 years of age. 


Emery and Macdonald found that sclerotic glomeruli localized to two 
areas; the deep inner cortex (juxtamedullary zone near the arcuate 
vessels) and the superficial outer cortex (near the capsule). Sclerotic 
glomeruli in the juxtamedullary zone were more common in the first 
six months of life than in older children. Affected glomeruli in the outer 
cortex were most prominent in the first two years after birth. The 
presence of scarred glomeruli in the juxtamedullary zone coincided 
with the disappearance of the large glomeruli seen in this region during 
the months after birth, as discussed previously. Thus, it appears the 
sclerosing glomeruli in the juxtamedullary zone represent the 
involution of the large glomeruli that localize to this zone during 
nephrogenesis. The glomerular scarring in the outer cortex near the 
capsule likely reflects a different etiologic process that, if linked to 
nephrogenesis, is probably occurring relatively late. In a study of 800 
infant kidneys, Thomas reported a similar distribution pattern of 
sclerotic glomeruli in the cortex (238 ). The general consensus is that 
these lesions are defects of development but without functional or 
clinical significance. Their major significance for pathologists is that 
they not be interpreted as evidence of glomerular disease, unless their 
number is considerably above the usual range (greater than 20%) 
mentioned above. 


A typical example of infantile glomerulosclerosis is illustrated in Figure 
34.26 . The scarred glomeruli may occur singly or in small groups. 
They are usually smaller than normal, immature in appearance, and 
variably hyalinized. The afferent arteriole is often thickened, and 
periglomerular fibrosis may be present as well as some chronic 
inflammatory cells in the interstitium. In later stages, only a small 
globule of hyalin material in a small focus of sclerosis without capillary 
lumens may be seen. The tubules associated with the sclerotic 
glomeruli often contain proteinaceous material and apparently 


disappear along with the glomeruli. 


Ectopic Glomeruli 


In the kidneys from fetuses and infants, glomeruli are often found 
outside the confines of the renal parenchyma, either in the renal sinus 
(Figure 34.27 ) or in the connective tissue around interlobar vessels. 
These ectopic glomeruli occur in several mammalian species as well as 
in young humans (239 ). They appear to degenerate during postnatal 
life and are not found in adult human kidneys. It has been suggested 
that some vessels supplying the pelvic mucosa and medulla may be 
derived from degenerated ectopic glomeruli (239 ,240 ). The ectopic 
glomeruli may represent the early large juxtamedullary glomeruli, 
described by Kampmeier, that have persisted at least until infancy 
rather than degenerate. 


Figure 34.26 Infantile glomerulosclerosis at 9 months of age. One 
small, developmentally immature glomerulus is seen near the center, 
and two adjacent glomeruli are undergoing involutional sclerosis. 
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Figure 34.27 Ectopic glomerulus in the renal sinus. 
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Tubular Maturation and Growth 


There is less known about the maturation and growth of tubules 
between birth and adulthood compared to glomeruli. Although all 
tubular segments increase in size during postnatal maturation, the 
proximal convoluted tubules undergo very prominent elongation and 
increased tortuosity (5 ). The results of microdissection studies 
reported from two laboratories were fairly similar (223 ,241 ). The 
mean lengths of proximal tubules observed were: about 2 mm at birth, 
3.5 mm at 3 months, 6.5 mm at 1 year of age, 7.7 mm at 2 years, and 
12.0 mm at 12 years. The mean proximal tubular length of 20 mm in 
adult kidney indicates that proximal tubule elongation continues 
through adolescence and young adulthood. Proximal tubules at birth 


are less uniform in size than glomeruli. Proximal tubules in the outer 
cortex of the newborn kidney were observed to be the shortest, those 
in the midcortex intermediate in length, and those from the 
juxtamedullary cortex the longest, consistent with a centrifugal pattern 
of development (223 ). These regional differences in proximal tubules 
decreased significantly after 1 month of age and disappeared by 14 
months. Whether tubular function, such as solute and volume 
reabsorption, of the maturing proximal tubules from different cortical 
regions also follows a centrifugal pattern of maturation remains 
uncertain (242 ). It is interesting that in the adult kidney, the proximal 
tubules from the outer cortex have been observed to be longer than 
those from the mid- and juxtamedullary cortex (223 ). The ratio of 
glomerular surface area to proximal tubular volume was proposed as a 
theoretical anatomic correlate of functional glomerulotubular balance, 
that is, the balance between the capacity of the glomerulus to filter 
and the tubule to reabsorb the filtrate (223 ). Values for this ratio (28 
in the term newborn kidney, 13 in the 3-month kidney, 6 in the 6- 
month kidney, and 3 in the adult kidney) suggested morphologic 
dominance of glomeruli over tubules early in life until the tubules, in 
effect, a€cegrew up to their glomerulia€* (223 ). However, it is 
difficult to correlate these morphologic ratios with experimental 
functional data indicating proportionate increases in glomerular 
filtration rate (GFR) and proximal tubule reaborption after birth, 
consistent with maintenance of glomerulotubular balance during 
postnatal maturation (243 ). 


During postnatal maturation, the loops of Henle undergo striking 
elongation (5 ). The newborn kidney lacks a well-formed inner medulla 
and contains loops of Henle that are relatively short (2 ,4 ,5 ). At birth, 
the loops of Henle are shortest in the younger nephrons, whereas 
longer loops belong to the older nephrons. As the kidney increases in 
size after birth, the loops of Henle elongate, the medullary interstitium 
increases, and the medulla becomes separated into outer and inner 
zones. From birth until full maturation, loops of Henle may increase in 
length as much as three-fold. In the mature kidney, the location of the 


tips of the loops of Henle relates to the age of their associated 
nephrons. The loops of the last-formed nephrons (outer cortex) reach 
the junction between the outer and inner medulla and are known as 
short loops of Henle. In contrast, the loops of the earliest formed 
nephrons (juxtamedullary cortex) extend deep into the inner medulla 
near the tip of the papilla and are referred to as long loops of Henle. 
Prior to birth, thin portions of loops of Henle are only observed in the 
long loops of Henle. These thin portions are present in the descending 
limbs of the long loops of Henle and continue to lengthen after birth. 
Descending thin limbs are not seen in short loops of Henle until after 
birth. Only long loops of Henle develop ascending thin limbs, which are 
derived from the thick ascending limbs, likely by an ascending process 
of apoptotic remodeling (55 ,244 ). 


Adult Kidney 


Gross Anatomy 


The kidneys lie within the retroperitoneum and extend from the twelfth 
thoracic (T12) to the third lumbar (L3) vertebrae, with the right kidney 
usually slightly more caudad. They are situated within the perirenal 
space, which contains abundant fat and is traversed by fine fibrous 
septae (245 ,246 ,247 ). Visualization of the renal fascia with 
radiologic procedures has been reported in normal individuals (248 
,249 ). Each kidney weighs 125 to 170 grams in men and 115 to 155 
grams in women (250 ). If differences in body build are considered, 
kidney weight correlates best with body surface area, whereas age, 
sex, and race have less influence (251 ). Each kidney is 11 to 12 cm in 
length, 5 to 7.5 cm in width, and 2.5 to 3 cm in thickness. The left 
kidney tends to be slightly larger and may demonstrate irregularities of 
the lateral contour from compression by the spleen in up to 10% of 
normal individuals (252 ). A glistening tough fibroelastic capsule 
surrounds the kidney. 


In the hilar region, the main renal artery branches to form anterior and 


posterior divisions (Figure 34.28 ), which in turn divide into segmental 
arteries that supply the apical, upper, middle, lower, and posterior 
segmental regions of the parenchyma (253 ,254 ). No collateral 
circulation has been demonstrated between the segmental arteries. 
Some of the so-called accessory arteries actually represent normal 
segmental arteries with an early origin from the main-stem renal 
artery or aorta (254 ). Therefore, ligation of such a segmental artery 
in the belief that it is an accessory vessel results in necrosis of the 
corresponding parenchymal segment. The intrarenal veins do not follow 
a segmental distribution, and there are numerous anastomoses of the 
veins throughout the kidney. There are variable drainage patterns of 
the large extra-renal veins that join to form the main renal vein (255 
). A relatively common occurrence is a posterior primary venous 
tributary, whose retropelvic 
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position should be remembered during renal surgical intervention. An 
outer pale region (the cortex) and an inner darker region (the medulla) 
can be distinguished on the cut surface of a bisected kidney. The 
presence of glomeruli and convoluted tubules results in the cortex 
having a more granular appearance. 


Figure 34.28 Diagram of the vascular supply of the human kidney. 
The anterior division of the renal artery divides into three segmental 


branches that supply the upper (U ) and middle (M ) segments of the 
anterior surface and most of the lower (L ) segment. The small apical 
(A ) segment is usually supplied by a branch from the anterior division. 
The posterior division of the renal artery supplies the posterior (P ) 
segment, which represents more than half of the posterior surface of 
the kidney. Modified with permission from: 

Graves FT. The anatomy of the intrarenal arteries and its application to 
segmental resection of the kidney. Br J Surg 1954;42:132a€“139. 
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Figure 34.29 Diagram of a bisected kidney illustrating major anatomic 
structures. 


The human kidney is a multipapillary type of mammalian kidney (256 ), 
with the medulla divided into 8 to 18 striated conical masses called 
pyramids (Figure 34.29 ). The striated appearance reflects the parallel 
linear orientation of the loops of Henle and collecting ducts. The base 
of each pyramid is located at the corticomedullary junction, whereas 


the apex extends toward the renal pelvis, forming a papilla. The tip of 
each papilla is perforated by 20 to 70 small openings (6 ) that 
represent the distal ends of the collecting ducts (of Bellini). The cortex 
is about 1 cm in thickness, encircles the base of each pyramid, and 
extends downward between pyramids to form the septa (columns) of 
Bertin. Despite well-described radiologic features (257 ,258 ), an 
enlarged septum of Bertin on occasion has been clinically mistaken for 
a renal tumor. Longitudinal striations extending from the base of the 
pyramids out into the cortex are termed the medullary rays (of 
Ferrein). Regardless of their name, they are actually part of the cortex 
and are formed by the straight segments of the proximal tubules 
(PSTs), the thick ascending limbs (TALS), and the collecting ducts. The 
medullary rays may be visualized during excretory urography in 
conditions with tubular fluid stasis (259 ). 


A single pyramid with its surrounding cortical parenchyma constitutes a 
renal lobe (191 ,260 ) (Figure 34.30 ). The human kidney has an 
average of 14 lobes (102 ). During development, variable lobar fusion 
leads to coalescence of some papillae and remodeling of the 
corresponding calyces, gradually reducing the number of papillae and 
calyces. The mean number of calyces and papillae 
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reported is 9 and 11, respectively (193 ). There is a greater degree of 
lobar fusion in the polar regions than in the midpolar region of the 
kidney. A degree of persistent fetal lobation may be observed in some 
adult kidneys. 


Figure 34.30 Diagram of three renal lobes. A. Arcuate (aa ) and 
interlobular (ia ) arteries. B. Cortex and medulla (m ) are illustrated in 
a double lobe with fused double papillae. C. Lobe showing medullary 
rays (mr ). A septum of Bertin represents the approximation of two 
layers of septal cortex from two adjacent lobes. (Small double arrows 
in A and B, subsidiary septal arteries; single arrows, location where 
arcuate vessels enter the renal parenchyma; a, interlobar arteries; v, 
interlobar vein; c, calyces). Modified with permission from: 

Hodson CJ. The renal parenchyma and its blood supply. Curr Probl 
Diagn Radiol 1978; 7:1a€“32. 


There are two main types of renal papillae (261 ). Simple papillae 
drain only one lobe and have convex tips containing small, often slitlike 
orifices. Compound papillae drain two or more adjacent fused lobes 
and have flattened, ridged, or concave tips with round, often gaping 
orifices. The distribution of papillae types within the kidney is related 
to the embryologic pattern of fusion involving the lobes, papillae, and 
calyces (Figure 34.31 ). It is believed that the more open orifices of 
compound papillae are less capable of preventing intrarenal reflux (262 
), which may be associated with an increase in intrapelvic pressure. 
This concept is supported by the observation that pyelonephritic scars 
associated with intrarenal reflux are present more commonly in the 
renal poles, where the compound papillae predominantly occur. 


The renal pelvis is the saclike expansion of the upper ureter. Two or 


three outpouchings or major calyces (infundibula) extend from the 
pelvis and divide into the minor calyces, into which the papillae 
protrude. In addition, elaborate leaflike extensions, termed fornices, 
extend from the minor calyces into the medulla, and secondary 
pouches increase the pelvic surface area (263 ). 


The renal sinus is located on the medial or concave aspect of each 
kidney (Figure 34.32 ) (264 ,265 ). It contains the renal pelvis, the 
major renal arteries and veins, the lymphatics, and neural structures 
that supply the kidney. The renal hilus is the entry into the sinus. Fat 
fills the renal sinus 
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and is contiguous with the perirenal fat. Within the renal sinus, the 
renal capsule does not enclose the cortical parenchymal surface. 
Beckwith called attention to the importance of the renal sinus as a 
pathway for tumor dissemination in Wilms' tumor (266 ), and this has 
also been shown in renal cell carcinomas (267 ,268 ). A detailed 
description of the gross anatomy of the kidney is provided elsewhere 
(9 ). 


Figure 34.31 Schematic representation of the lobar architecture. In 
the polar regions, there is a greater degree of lobe fusion, resulting in 
the formation of compound papillae and calyces and the loss of septal 
cortex. The individual lobes tend to be retained in the midpolar region, 
and the septal cortex extends between renal pyramids, as septa of 
Bertin, to the renal sinus. Modified with permission from: 

Hodson CJ. The renal parenchyma and its blood supply. Curr Probl 
Diagn Radiol 1978; 7:1a€“32. 


Figure 34.32 Diagram of kidney cross section, showing the renal sinus 
which is filled with fat (yellow). The renal sinus contains the pelvic- 
calyceal system and the major renal vessels. The renal capsule (thick 
black line) surrounds the convex surface of the kidney but disappears 
from the cortical surface as the latter enters the renal sinus. The 
cortical surfaces, including the septa of Bertin, facing the renal sinus 
lack a capsule. The capsule surrounding the pelvic-calyceal system is 
indicated by a cross-hatched thick black line. The capsule covering the 
calyces, appears to extend over the medullary pyramids on cross 
section, and it envelopes the renal pelvis as well. Modified with 
permission from: 

Murphy WM, Grignon DJ, Perlman EJ. Tumors of the kidney, bladder, 
and related urinary structures. In: Atlas of Tumor Pathology . 4th 
series, fascicle 1. Washington, DC: Armed Forces Institute of 
Pathology; 2004. 


Nephron 


The structural and functional unit of the kidney is the nephron, which 
consists of the renal corpuscle (glomerulus and Bowman's capsule), 
proximal tubule, thin limbs, and distal tubule, all of which originate 
from the metanephric blastema. The total number of nephrons in a 
human kidney varies markedly among normal individuals (209 ,210 


,211 ). Although a tenfold variation in nephron number has been 
reported, the usual range is about 600,000 to 1,200,000 nephrons per 
kidney. Nephrons can be classified according to the position of their 
glomeruli in the cortex or the length of their loop of Henle (Figure 
34.33 ). In the former scheme, superficial, midcortical, and 
juxtamedullary nephrons are distinguished. Superficial nephrons have 
glomeruli located in the outer cortex, and their efferent arterioles 
usually ascend to the cortical surface. The glomeruli of juxtamedullary 
nephrons are located immediately above the corticomedullary junction 
in the inner cortex, and their efferent arterioles form the descending 
vasa recta. The glomeruli of midcortical nephrons are situated in the 
midcortex above the juxtamedullary region but below the superficial 
nephrons. 


In the more commonly used classification, there are two main 
populations of nephrons: those with a short loop of Henle and those 
with a long loop. The length of the loop of 
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Henle is generally related to the location of its parent glomerulus in 
the cortex. The short loops form their bend at various levels within the 
inner stripe of the outer medulla, whereas the long loops of Henle 
enter and turn back within the inner medulla. Although there are 
numerous gradations between these two main types of nephrons, there 
are seven times more short than long loop nephrons in human kidneys 
(269 ). A correlation between the urinary concentrating ability and the 
relative length of the medulla has been established in several 
mammalian kidneys (270 ). 
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Figure 34.33 Diagram illustrating the segments of the nephron and 
the zones of the kidney. (PT, proximal tubule; TL, thin limb of Henle's 
loop; MTAL, medullary thick ascending limb; CTAL, cortical thick 
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; 
ICT, initial collecting tubule; CCD, cortical collecting duct; OMCDo , 


collecting duct in outer stripe of outer medulla; OMCD; , collecting duct 
in inner stripe of outer medulla; IMCDı , outer third of inner medullary 
collecting duct; IMCD2 , middle third of inner medullary collecting duct; 
IMCD3 , inner third of inner medullary collecting duct. Modified with 
permission from: 

Madsen KM, Tisher CC. Structural-functional relationships along the 
distal nephron. Am J Physiol 1986;250(pt 2):F1la€“F15. 


The connecting tubule, a transitional segment, joins the nephron to the 
collecting duct system, which originates from the ureteric bud. 
Although not correct in a strict anatomic sense, for practical 
considerations, the term nephron is commonly used to include the 
connecting segment and entire collecting duct. The collecting duct 
system can be divided into the cortical, outer medullary, and inner 
medullary collecting ducts (271 ,272 ). Structural and functional 
heterogeneity exist along the nephron (273 ). Internephron 
heterogeneity refers to the differences between analogous segments in 
Superficial and juxtamedullary nephrons. Intranephron or axial 
heterogeneity may be defined as the differences between early and 
successive later portions of an individual nephron segment. 


Architecture 


The renal cortex can be divided into lobules. A renal lobule consists of 
a centrally positioned medullary ray and its surrounding cortical 
parenchyma, containing all nephrons draining into the collecting ducts 
of the medullary ray. In contrast to lobules of other organs, renal 
lobules are not distinctly separated by fine connective tissue septa; 
therefore, they are difficult to distinguish histologically. Furthermore, 
because it has been difficult to establish any structural-functional 
Significance, the concept of the renal lobule is not commonly used. 


The nephron segments and blood vessels in the cortex and medulla 
have a specific geometric arrangement (274 ). This intricate 
architecture allows integration (axial) of complex transport functions 


along the length of a specific nephron segment, as well as integration 
(regional) between different nephron segments in a specific region or 
zone (275 ). 


Two architectural regions of the renal cortex can be distinguished: the 
cortical labyrinth and the medullary rays (Figure 34.34 ). The cortical 
labyrinth represents a continuous parenchymal zone that surrounds the 
regularly distributed medullary rays. Glomeruli, proximal and_ distal 
convoluted tubules, interlobular vessels (also termed cortical radial 
vessels), and a rich capillary network are situated in the cortical 
labyrinth. The large majority of convoluted tubular profiles are 
proximal tubules. Connecting tubules of juxtamedullary nephrons fuse 
and form so-called arcades, which are adjacent to the interlobular 
vessels within the cortical labyrinth. Individual nephrons with their 
interlobular vessels, glomeruli, and attached tubular segments, are 
difficult to distinguish in this complex topography by histology. The 
medullary rays (Figures 34.35 ,34.36 ) contain the proximal and distal 
straight tubules and collecting ducts, all of which enter into the 
medulla. The distal straight tubules are the thick ascending limbs. 
Within an individual medullary ray, the straight tubules of superficial 
nephrons are situated centrally, the straight tubules of midcortical 
nephrons are localized peripherally, and the collecting ducts occupy a 
position between the two groups. The straight tubules of 
juxtamedullary nephrons decend directly into the medulla without ever 
entering the medullary rays. 


Figure 34.34 Diagram of architectural regions of the renal cortex. A 
medullary ray is encircled by the dotted line , and the cortical labyrinth 
is outside the dotted line . The proximal straight (P ) and distal 
Straight ascending limb (D ) tubules and the collecting ducts (CD ) are 
located in the medullary ray. The adjacent cortical labyrinth contains 
the interlobular vessels: arteries (A ), veins (V ), and lymphatics (Ly ); 
arcades (*) of connecting tubules; glomeruli (G ); and the proximal (P* 
) and distal (D* ) convoluted tubules. Modified with permission from: 
Kriz W, Kaissling B. Structural organization of the mammalian kidney. 
In: Seldin DW, Giebisch D, eds. The Kidney: Physiology and 
Pathophysiology . 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 
2000:587a€“654. 


The localization of specific segments of the nephrons at various levels 
in the medulla account for the division of the medulla into an outer and 
inner zone, with the former subdivided into an inner and outer stripe 
(Figure 34.33 ). The relative tissue volumes for the cortex and the 
outer and inner medulla are 70, 27, and3 % respectively (272 ). 


The outer stripe of the outer medulla is relatively thin. It contains the 
terminal portions of the proximal straight tubules, the thick ascending 
limbs, and the collecting ducts. The outer stripe is also distinguished 

by the absence of thin limbs of Henle. Glomeruli are not present in the 


medulla. In contrast to the outer stripe, the inner stripe of the outer 
medulla is thicker. It contains thin descending limbs, thick ascending 
limbs, and collecting ducts. It is further characterized by the absence 
of the proximal straight tubules. Aggregations of descending and 
ascending vasa recta, known as vascular bundles, develop in the 
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outer stripe but are located predominantly in the inner stripe. 
Compared with the kidneys of some mammals with very high urine 
concentrating ability, the human kidney has a simple medulla (274 ). 
In contrast to the complex medulla, the vascular bundles of the simple 
medulla do not fuse to form larger vascular structures, and they do not 
incorporate the descending thin limbs of short loops (Figure 34.37 ). 
The inner medulla contains the thin descending and thin ascending 
limbs of long loops, as well as the collecting ducts. Thick ascending 
limbs are absent in the inner medulla. 


Figure 34.35 Longitudinal section of cortex demonstrating two linear 


aggregates of tubules representing medullary rays (original 


A—50). 
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34.36 Cross section of cortex illustrating medullary rays that 
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Figure 34.37 Schematic diagram demonstrating the simple and 
complex types of medulla. Upper left : In the simple medulla, the 
loops of Henle remain separate from the vascular bundle (purple). The 
vascular bundle itself (lower left cross section) contains only 
descending (red) and ascending (blue) vasa recta. Upper right : In 
the complex medulla, the descending thin limbs (DTLs) of short loops 
of Henle descend within the vascular bundles (purple), which tend to 
fuse. Therefore, the complex bundles (lower right cross section) 
contain the DTLs of short loops (white) in addition to descending (red) 


and ascending (blue) vasa recta. Modified with permission from: 
Jamison RL, Kriz W. Urinary Concentrating Mechanism: Structure and 
Function . New York: Oxford University Press; 1982. 


Parenchyma 


An accurate morphologic evaluation of the kidney requires a detailed 
systematic examination of the glomeruli, tubules, interstitium, and 
blood vessels of the renal 
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parenchyma. A standard nomenclature for structures of the kidney 
exists (276 ). A detailed approach to the histopathologic evaluation of 
the kidney has been described (277 ), and technical guidelines for 
handling the renal biopsy are available (278 ,279 ). The following 
discussion emphasizes normal morphologic aspects and structural- 
functional relationships in the kidney. The reader is directed to detailed 
discussions for more information (274 ,280 ). 


Glomerulus 


Overview 


In 1666, Malpighi first described the glomeruli and demonstrated their 
continuity with the renal vasculature (281 ,282 ). About 175 years 
later, Bowman elucidated in detail the capillary architecture of the 
glomerulus and the continuity between its surrounding capsule and the 
proximal tubule (283 ,284 ). The renal corpuscle consists of a tuft of 
interconnected capillaries and an enclosing capsule named after 
Bowman. The term glomerulus is commonly used to refer to the 
glomerular capillary tuft and Bowman's capsule, although the term 
renal corpuscle is more accurate in a strict anatomic sense. The 
glomerulus does not simply represent a ball of capillaries. Providing 
structural support for the capillary tuft is a central region termed the 
mesangium, which contains cells and their surrounding matrix material. 


The capillaries are lined by a thin layer of endothelial cells, contain a 
basement membrane, and are covered by epithelial cells (also called 
podocytes) that form the visceral layer of Bowman's capsule. The 
parietal epithelium is continuous with the visceral epithelium at the 
vascular pole where the afferent arteriole enters the glomerulus and 
the efferent arteriole exits. The glomerulus somewhat resembles a 
blind-pouched extension (Bowman's capsule) of the proximal tubule 
invaginated by a tuft of capillaries (Figure 34.38 ) (285 ). The cavity 
situated between the two epithelial layers of Bowman's capsule is 
called Bowman's space, or the urinary space. At the urinary pole, this 
space and the parietal layer of Bowman's capsule continue into the 
lumen and epithelium of the proximal tubule. The glomerular tuft 
Originates from the afferent arteriole, which enters the glomerulus at 
the vascular pole and divides into several lobules. Anastomoses are 
believed to exist between individual capillaries within a lobule, as well 
as between lobules (274 ,286 ,287 ). 
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Figure 34.38 Schematic three-dimensional representation of the 
glomerulus. Modified with permission from: 
Geneser F. Textbook of Histology . Philadelphia: Lea & Febiger; 1986. 


The efferent arteriole is formed by rejoined capillaries and leaves the 
glomerulus at the vascular pole. In contrast to the afferent arteriole, 
the efferent arteriole has a more continuous intraglomerular segment. 
The glomerulus is responsible for the ultrafiltration of plasma. The 
glomerular filtration barrier consists of the fenestrated endothelium, 
the peripheral glomerular basement membrane (GBM), and the slit 
diaphragms between the podocyte foot processes. 
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The glomerulus has a round configuration and an average diameter of 
about 200 Aum (274 ,280 ). Although the diameter of juxtamedullary 
glomeruli has been reported up to 20 to 50% greater than that of 


superficial glomeruli (274 ), other researchers have found no 
Significant size difference between these glomerular populations in the 
normal adult kidney (288 ). It has been reported that the glomeruli in 
solitary functioning kidneys are significantly larger than those in 
control patients with two kidneys (289 ). Although the glomerulus has 
a lobular architecture, the lobulation is often inconspicuous in light 
microscopic sections. An accentuated degree of lobulation may be more 
prominent in autopsy kidneys than in biopsy specimens (277 ). An 
apparent increase in the number of glomerular cells can be observed 
with an increased section thickness, therefore an accurate assessment 
of glomerular cellularity requires histologic sections 2 to 4 Aum thick 
(Figure 34.39 ). Generally, the presence of more than three cells in a 
mesangial area away from the vascular pole constitutes 
hypercellularity. The delicate character of the glomerular capillary 
walls can be observed on thin histologic and frozen sections (Figure 
34.40 ) (290 ). 


Global glomerulosclerosis may occur as part of aging, without renal 
disease. The mean percentage of global glomerulosclerosis in normal 
kidneys was reported as follows: less than 1% between 1 and 20 years 
of age; 2% between 20 and 40 years; 7% between 40 and 60 years; 
and 11% between 60 and 80 years (291 ,292 ,293 ). There are no 
differences between the sexes in the development of 

glomerulosclerosis in aging humans (294 ). The 90th percentile for 
global glomerulosclerosis may be generally estimated for any age by 
subtracting 10 from half the patient's age (293 ). 


Endothelial Cells 


A thin fenestrated endothelium lines the glomerular capillaries. By light 
microscopy, the endothelial cells have light eosinophilic cytoplasm and 
Slightly oval nuclei. Their nuclei are present within the capillary lumina. 
The endothelial cells are extremely attenuated around the capillary 
lumen, and the thicker portions of the cells containing the nuclei lie 
adjacent to the mesangium away from the urinary space. The 


cytoplasm contains microtubules, microfilaments, and intermediate 
filaments (295 ). The attenuated portion of endothelial cytoplasm is 
perforated by fenestrae 70 to 100 nm in diameter (286 ). It has been 
argued that endothelial fenestrae do not simply arise from fusion of 
plasma membrane invaginations, called caveolae (296 ). It has been 
widely stated that glomerular endothelial fenestrae lack diaphragms, 
but thin bridging diaphragms have been observed when certain 
methods of fixation are used (297 ). The endothelial cell surface 
carries a negative charge because of the presence of polyanionic 
glycoproteins, including podocalyxin, a major sialoprotein of glomerular 
endothelial cells and podocytes (298 ,299 ). Results from recent 
studies have suggested that glomerular endothelial cells have a 
glycocalyx surface layer about 60 nm thick, and this surface coat fills 
the fenestrae forming â€œsieve plugsa€* (300 ,301 ). There is 
emerging evidence that the glomerular endothelial glycocalyx may be 
an important component of the glomerular filtration barrier (302 ,303 
). Vascular endothelial growth factor (VEGF), produced by podocytes, 
is an important regulator of glomerular endothelial cell function; VEGF 
induces fenestrae and increases permeability of endothelial cells, both 
in vivo and in vitro (304 ,305 ). 


Figure 34.39 Glomerulus exhibiting round configuration and normal 
cellularity (original magnification A—250). 


Figure 34.40 Fluorescent micrograph of an H&E-stained frozen 
section. Note the delicate character of the glomerular capillaries. 
(Courtesy of Dr. Stephen M. Bonsib.) 


Current evidence indicates that maintenance of glomerular endothelial 
differentiation appears dependent on podocyte-derived VEGF (306 ). 
Glomerular endothelial cells synthesize nitric oxide (NO) and 
endothelin-1, a vasoconstrictor (307 ). There is strong expression of 
CD34 in glomerular endothelial cells (Figure 34.41 ). 


Mesangial Cells 


The mesangium, composed of mesangial cells and their surrounding 
matrix, is observed as a periodic acid- Schiff 
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(PAS)- and methenamine silver-positive structural support for the 
glomerular capillary loops (Figure 34.42 ). By light microscopy, the 
mesangial cells usually can be distinguished by their mesangial location 
and dark-staining nuclei. Ultrastructurally, they are irregular in shape 
and have elongated cytoplasmic processes that may extend between 
the endothelium and the glomerular basement membrane. The 
mesangial cell processes have microfilaments that contain actin, 
myosin, and {+-actinin (308 ,309 ). With smooth muscle contractile 
properties, the mesangial cell has been proposed to be a specialized 


pericyte that likely modulates glomerular filtration (310 ). Whereas the 
endothelium forms a continuous layer around the inner circumference 
of the glomerular capillary, the basement membrane and the visceral 
epithelial cell layer do not completely encircle the capillary but enclose 
the mesangial matrix and cells between the capillaries (Figure 34.43 ). 
The mesangial matrix is similar but not identical to the GBM and 
contains several types of collagen, as well as fibronectin and small 
proteoglycans. The matrix is especially rich in microfibrils, unbranched, 
noncollagenous structures that contain fibrillins and microfibril- 
associated glycoproteins (MAGPs) (311 ,312 ). The presence of 
microfibril-mediated attachments between mesangial cell processes 
and the GBM suggests that the mesangial cell and the GBM represent a 
biomechanical functional unit (313 ,314 ,315 ). It has been proposed 
that the contractile apparatus of the mesangium appears to maintain 
the structure of the capillary walls by counteracting the distention 
caused by the intracapillary hydraulic pressure (316 ). The mesangial 
cell also has phagocytic capability and plays a role in the clearance of 
macromolecules and debris from the mesangium (317 ). Mesangial 
cells can respond to, as well as generate, a variety of molecules, 
including interleukin-1, platelet-derived growth factor, and arachidonic 
acid metabolites, which may play a central role in the response to 
glomerular injury (318 ). It is recognized that a small subpopulation of 
cells in the mesangium are bone marrow-derived macrophages and 
play a role in immune responsiveness (Figure 34.44 ) (319 ,320 ,321 ). 
Occasional leukocytes are observed in the 
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normal glomerulus and label with leukocyte common antigen (CD45 
and CD45RB) staining (322 ,323 ,324 ). 


Figure 34.41 Glomerular endothelium showing immunoreactivity for 
CD34. Some peritubular capillaries show staining along the upper 
border. (CD34 immunoperoxidase, original magnification A—300.) 


Figure 34.42 PAS-stained normal glomerulus illustrating the PAS- 
positive mesangium within the central regions of the glomerular 
capillaries (original magnification A—250). 


Figure 34.43 Schematic diagram illustrating the relationship between 
the mesangium and the glomerular capillaries. The visceral epithelial 
cell (podocyte) cytoplasm (red) and endothelial cell cytoplasm (yellow) 
are depicted. Note that the glomerular basement membrane (green) 
encloses the mesangium and its attached capillaries. The central 
mesangial cell is represented by dark brown cytoplasm and a black 
nucleus, and the mesangial matrix is represented by the tan fibrillar 
texture. The cytoplasmic processes of mesangial cells are connected to 
the glomerular basement membrane directly or indirectly by 
microfibrils in the mesangial matrix. Modified with permission from: 
Kriz W, Elger M, Lemley K, Sakai T. Structure of the glomerular 
mesangium: a biomechanical interpretation. Kidney Int Suppl 

1990; 30:S2a€“S9 
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Figure 34.44 KP-1 immunohistochemical stain illustrating that a small 
percentage of cells in the mesangium label as tissue monocytes. (KP-1 
immunoperoxidase, original magnification A—210.) 


Interestingly, it has been demonstrated that mesangial cells residing in 
the extraglomerular mesangial region of the juxtaglomerular apparatus 
(JGA) may migrate and repopulate the intraglomerular mesangium 
upon glomerular injury (325 ). 


Glomerular Basement Membrane 


The glomerular basement membrane (GBM) can be demonstrated on 
light microscopy by PAS and methenamine silver stains (Figure 34.45 
). The silver preparation is more specific. Examination of a normal 
peripheral capillary loop away from the vascular pole and the 
mesangium shows a delicate basement membrane (Figure 34.46 ). 
Hematoxylin and eosin (H&E) and PAS preparations may stain capillary 
luminal contents and the cytoplasm of the endothelial and podocyte 
cell layers, resulting in an apparent thickening of the GBM. The 
basement membrane is situated between the endothelium and the 
podocytes in the glomerular capillary wall. On ultrastructural 
examination, the GBM consists of a central dense layer (the lamina 
densa) and two surrounding thinner electron-lucent layers (the lamina 
rara interna and the lamina rara externa). In comparison with 


laboratory animals, the electron-lucent layers appear less prominent 
the human glomerulus (Figure 34.47 ). This may be due in part to 
different fixation conditions. 


Figure 34.45 Silver methenamine-stained normal glomerulus 
illustrating the silver-positive glomerular basement membrane and 
positive basement membrane of Bowman's capsule (original 
magnification A—500). 


Figure 34.46 Higher magnification micrograph demonstrating thin 


in 


regular glomerular basement membranes of peripheral capillary loops. 


(Silver methenamine stain, original magnification A—1250.) 


Figure 34.47 Transmission electron micrograph of a glomerulus. 
Bowman's space is above and the capillary lumen is below the 
glomerular capillary wall. A fenestra or pore (arrowhead ) in the 
endothelium is evident. Note the regular alignment of the foot 
processes of the podocytes. Filtration slit diaphragms (arrows ) are 
present between individual foot processes. The glomerular basement 
membrane consists primarily of the lamina densa. The electron-lucent 
lamina rara interna and lamina rara externa are not prominent 
(original magnification A—48,000). 
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The adult GBM ranges between 310 and 380 nm in mean thickness 
(326 ,327 ,328 ). It is significantly thicker in men (mean 373 nm) than 


in women (mean 326 nm) and increases in width until the fourth 
decade of life (220 ). Quantitative data on the normal adult glomerular 
capillary structure include the following values: mean glomerular 
volume of 1.38 A— 106 Aum? , average capillary diameter of 6.75 
Aum, and capillary filtration surface/glomerulus of 200 A— 103 Aum2 
(329 ). 


The major components of the GBM include type IV collagen, laminin, 
nidogen (also called entactin), and proteoglycans, including perlecan 
and agrin (26 ). Collagen IV is the major constituent of the GBM. Six 
chains, Î1(IV) through Î+6(IV), make up the collagen IV protein 
family (330 ,331 ). Three chains of collagen IV self-associate to form 
triple-helical molecules called protomers. Despite many possible 
combinations, the six chains of collagen IV form only three types of 
protomers, which are designated as Î+1.Î+1.f+2(IV), Î+3.Î+4.Î+5(1IV), 
and {+5./+5./+6(IV). The triple helical protomers unite at the 
noncollagenous domain (NC1) at the carboxy terminus to form 
hexamers, which in turn, assemble to form a polymerized network that 
serves as a Scaffold for integration of other GBM components (330 
,331 ). Three canonical sets of hexamers form three distinct networks 
in basement membranes: the Î+1.Î+1.1+2(IV)â€“Î+1.Î+1.Î+2(IV), the 
1+3.144.745(1v)ae7+3.i+4.145(1V), and the 
141.f+1./+2(1v)ae1+5.7+5.146(1V) networks (332 ). The 
1+3.144.)45(1v)a€‘143.1+44.145(1V) network predominates in the adult 
GBM, and mutations of the genes encoding the /+3, [+4, and [+5(IV) 
chains cause Alport syndrome (333 ). In Goodpasture syndrome, 
autoantibodies are targeted to the /+3(IV) chain (333 ). 


Laminins are heterotrimers composed of three chains; i+, [2 and 73. 
Laminin-11, containing the Î+5, Î22, and {31 chains, is the major 
laminin isoform in the adult GBM (33 ). Nidogen/entactin binds to 
laminin and is present in the GBM (334 ). Proteoglycans consist of 
glycosaminoglycan (GAG) chains bound to a core protein (335 ). They 
are primarily responsible for the negative charge of the GBM (336 ,337 
). Of three heparan sulfate proteoglycans, agrin (338 ) and collagen 
type XVIII (339 ) are more abundant in the GBM than is perlecan (340 


). Bamacan, a chondroitin sulfate proteoglycan, is present in the 
immature GBM but disappears from the adult GBM, remaining in the 
mesangial matrix (341 ). 


Podocytes 


The podocytes (visceral epithelial cells) are the largest cells in the 
glomerulus. By light microscopy, they are positioned on the outside of 
the glomerular capillary wall, often bulge into the urinary space, and 
have prominent nuclei and abundant light eosinophilic cytoplasm. 
Scanning electron microscopy shows that the podocytes have long 
cytoplasmic ramifications, the primary processes that surround the 
glomerular capillaries and divide into individual foot processes (Figure 
34.48 ) (342 ). The foot processes cover the capillary wall, contact the 
lamina rara externa of the GBM, and interdigitate with foot processes 
from different podocytes. It is generally believed that the cell body and 
primary processes of the podocyte are not directly attached to the GBM 
and are suspended within Bowman's space. There is morphologic 
evidence for an even more complex cytoarchitecture of the podocyte. 
Neal et al. (343 ) demonstrated foot processes (termed anchoring 
processes) directly between the podocyte cell body and the GBM. 
Moreover, their study characterized three distinct compartments of 
Bowman's space. The subpodocyte space (SPS), first described by 
Gautier et al. in 1950 (344 ), exists as a restricted area under the 
podocyte cell body and is associated with a reported 60% of the 
glomerular filtration surface (343 ). The interpodocyte space (IPS) was 
characterized aS a narrow anastomosing region interconnecting the 
Subpodocyte space with the main peripheral Bowman's space (343 ). 
The physiologic role of these podocyte partitions of Bowman's space 
remains to be clarified. By transmission electron microscopy, the cells 
have abundant rough endoplasmic reticulum, a well-developed Golgi 
apparatus, and prominent lyosomes. There are numerous intermediate 
filaments, microtubules, and microfilaments in the cytoplasm (295 ). 
The intermediate filaments (vimentin, desmin) and microtubules 
predominate in the cell body and primary processes, whereas the foot 


processes contain a dense microfilament contractile apparatus (345 
,346 ,347 ). The latter, containing actin, myosin, {+-actinin, talin, and 
vinculin, connects to the intermediate filaments and microtubules of 
primary processes (348 ). 


Figure 34.48 Scanning electron micrograph of glomerulus illustrating 
the primary processes of podocytes wrapping around the capillary 
loops. Note the interdigitation of the foot processes (original 
magnification A—13,000; courtesy of Dr. Jill W. Verlander). 


This ultrastructural arrangement of contractile proteins may allow the 
podocytes to play an active role in modifying 
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the glomerular filtration surface area. Although the GBM is synthesized 
by both endothelial cells and podocytes, the latter play a greater role 
in the adult (349 ). 


The adjacent foot processes near the GBM are separated by a 30- to 
40-nm space termed the filtration pore (or slit), which is bridged by a 
thin extracellular structure called the filtration slit diaphragm. On 
ultrastructural examination, the slit diaphragm has always attracted 
the attention of pathologists. Over 30 years ago, based on electron 
microscopy, Karnovsky and co-workers proposed an _ isoporous 


zipperlike structural model for the slit diaphragm (350 ,351 ,352 ). In 
this model, a central filament, corresponding to the central dot of the 
diaphragm on cross section, is connected to the adjacent foot 
processes by spaced crossbridges, between which are rectangular 
pores. Recent three-dimensional reconstruction of the slit diaphragm 
by electron tomography has provided results that generally agree with 
the Karnovsky model (353 ). The electron tomographic study showed 
that the slit diaphragm consists of a network of winding strands, about 
30 to 35 nm long, which merge centrally into a longitudinal density. 
The strands, which create a slit diaphragm thickness between 5 and 10 
nm, surround pores that are the same size or smaller than albumin 
molecules. The pores appear more irregular than previously supposed. 


The slit diaphragm appears unique but shares similarities with tight 
and adherens junctions (354 ,355 ). It separates the different 
membrane surfaces of the podocyte. Podocytes, similar to other 
epithelial cells, are polarized with distinct membrane domains (356 ) 
(Figure 34.49 ). The basal membrane domain and the apical membrane 
domain are located below and above the slit diaphragm, respectively. 
The slit diaphragm area (including the bridging diaphragm, adjacent 
podocyte foot process membrane, and cytoplasm) may also be 
considered a surface domain, a very specialized one. 


A major advance in our understanding of the podocyte was the 
identification of the protein nephrin, encoded by NPHS1 , the gene 
mutated in congenital nephrotic syndrome of the Finnish type (30 ,32 
). Nephrin, a transmembrane adhesion protein of the immunoglobulin 
superfamily, localizes to strands of the slit diaphragm (353 ,357 ). 
Lack of nephrin in humans or animals leads to the loss of the slit 
diaphragm, foot process effacement, and massive proteinuria (32 ,148 
). An increasing number of other proteins localize to the slit diaphragm 
domain, where they interact with nephrin and other partners, forming 
a multifunctional complex (Figure 34.50 ) (348 ,356 ,358 ,359 ,360 ). 
Some proteins are present in the actual slit diaphragm itself. For 
example, there is evidence nephrin and Nephi, a protein similar to 
nephrin, each form homodimers and form heterodimeric interactions 


with each other in the slit diaphragm (361 ,362 ,363 ,364 ). 
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Figure 34.49 Schematic drawing of the membrane domains of the 
podocyte: the filtration slit diaphragm, basal membrane, and apical 
membrane domains. Molecular interactions within these domains of the 
podocyte foot processes are represented. See the text for further 
explanations. Modified from: 

Pavenstadt H, Kriz W, Kretzler M. Cell biology of the glomerular 
podocyte. Physiol Rev 2003;83:253a€“307 

Kerjaschki D. Caught flat-footed: podocyte damage and the molecular 
bases of focal glomerulosclerosis. J Clin Invest 
2001;108:1583a€“1587. 


Another member in the Neph protein family, Neph2, localizes to the slit 
diaphragm, homodimerizes, and forms heterodimers with nephrin but 
not with Nephl (365 ). Other proteins are present in the podocyte 
cytoplasm or plasma membrane adjacent to the slit diaphragm. For 
example, members of the membrane-associated guanylate kinase 


(MAGUK) family of scaffolding proteins (including MAGI-1, MAGI-2, 
CASK, and ZO-1) localize adjacent to the slit diaphragm (358 ,359 
,360 ). These scaffolding proteins connect junctional membrane 
proteins to the actin cytoskeleton and signaling cascades. In addition, 
multiple adherens junctiona€“associated proteins (AJAP) (including {+- 
actinin, |QGAP1, f+l! spectrin, and {211 spectrin) are also components 
of this expanding nephrin-associated multiprotein complex (358 ,359 
,360 ). 


Mutations or deficiencies of genes encoding some of the proteins that 
comprise the slit diaphragm domain complex, including nephrin (32 
,148 ), Nephi (155 ), Fatl (156 ), podocin (150 ), CD2AP (149 ), Î=- 
actinin (151 ,152 ), and TRPC6 (153 ,154 ), cause glomerular diseases 
in humans and animals as characterized by absent slit diaphragms, 
foot process effacement, and proteinuria (Table 34.1 ). In addition to 
functioning as a critical barrier to 
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filtration, the slit diaphragm appears to regulate actin cytoskeletal 
dynamics in the foot processes (366 ). For example, Î=+-actinin, an 
important protein in the slit diaphragm domain, interacts with 
Ssynaptopodin (another actin-associated protein) to facilitate the 
formation of long unbranched parallel actin filaments in differentiated 
podocytes (367 ). The slit diaphragm also functions as a signaling 
center (368 ). For example, nephrin and CD2AP interact to stimulate 
antiapoptotic signaling in podocytes by activating the serine/threonine 
kinase AKT (369 ). 
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Figure 34.50 Schematic drawing of a working model of the podocyte 
filtration slit diaphragm domain. Theleft side portrays the molecular 
composition of the slit diaphragm itself, which spans between adjacent 
foot processes. The right side illustrates the molecular interactions of 
the nephrin-associated multiprotein complex within the podocyte foot 
process membrane and cytoplasm. See the text for further 
explanations. Modified from: 

Pavenstadt H, Kriz W, Kretzler M. Cell biology of the glomerular 
podocyte. Physiol Rev 2003;83:253a€“307 

Kerjaschki D. Caught flat-footed: podocyte damage and the molecular 
bases of focal glomerulosclerosis. J] Clin Invest 2001;108:1583a€“1587 
Huber TB, Benzing T. The slit diaphragm: a signaling platform to 
regulate podocyte function. Curr Opin Nephrol Hypertens 
2005;14:211a€“216 

Lehtonen S, Ryan JJ, Kudlicka K, lino N, Zhou H, Farquhar MG. Cell 
junction-associated proteins IQGAP1, MAGI-2, CASK, spectrins, and 
alpha-actinin are components of the nephrin multiprotein complex. 


Proc Natl Acad Sci US A = 2005;102:9814a€“9819. 


The basal membrane domain, the a€ocesolea€* of the podocyte foot 
process, is embedded in the underlying GBM (Figure 34.49 ). Two 
types of surface receptors in the basal membrane, integrins and 
dystroglycan, anchor the foot processes by binding to their ligands in 
the GBM (370 ,371 ). The [+3/21 integrin binds to collage type IV, 
laminin, and nidogen/entactin, whereas dystroglycan binds to laminin, 
agrin, and perlecan (348 ). Both integrins and dystroglycan are 
coupled by adapter molecules to the actin cytoskeleton.The integrins 
bind the talin, paxillin, vinculin complex (346 ), and dystroglycan binds 
utrophin (371 ). The induction of cellular responses from integrin- 
ligand interactions, known as a€oeoutside-ina€* signaling, is believed 
to be mediated by FAK (focal adhesion kinase) and ILK (integrin-linked 
kinase) (348 ,372 ). Similar to the filtration slit domain, an intact basal 
membrane domain is required to maintain foot process integrity. 


The apical membrane domain, above the slit diaphragm, has a 
prominent glycocalyx surface of negatively charged glycoproteins 
(Figure 34.49 ) (373 ). These include podocalyxin (374 ) and GLEPP1 
(375 ). Podocalyxin interacts with a complex composed of ezrin and 
NHERF2 (Nat /H* exchanger-regulatory factor 2), which in turn, 
associates with the actin cytoskeleton (376 ,377 ). Genetic evidence 
exists indicating podocalyxin is important for foot process stability 
(159 ). The development of the glomerulus as a vascular structure 
distinct from the remainder of the nephron is reflected in the intrarenal 
distribution of intermediate filaments. Vimentin is present in 
glomerular endothelial and mesangial cells and podocytes (Figures 
34.51 ,34.52 ) (347 ,378 ,379 ,380 ,381 ). 


Human podocytes often do not stain for desmin, however rat podocytes 
may show desmin expression, especially in response to injury (381 
,382 ). The glomerular tuft does not stain for keratins. 


The Wilms' tumor suppressor gene, WT1, plays an indispensable role in 
the regulation of cell growth and differentiation during early 


nephrogenesis. Embyronic mice homozygous for a targeted mutation of 
WT1 fail to develop kidneys (77 ). Striking evidence also exists for the 
importance of WT1 in glomerular podocyte differentiation. During 
kidney development, WT1 expression is detected in the metanephric 
mesenchyme and becomes stronger in the 

P.875 
renal vesicle, but highest levels occur during glomerulus formation 
within the podocyte cell layer (383 ,384 ). Expression of the WT1 
protein, a transcription factor, in the nuclei of podocytes does not 
disappear with glomerular maturation but persists in the adult kidney 
(Figure 34.53 ). Greater than 95% of patients with the Denys-Drash 
syndrome (nephrotic syndrome and genital anomalies and/or Wilms' 
tumor), characterized by shrunken glomeruli with hypertrophied 
podocytes, have point mutations affecting the zinc finger DNA-binding 
domain of WT1 (385 ). These findings provide a functional link between 
a molecular defect of WT1 and podocyte pathology and suggest that 
WT1 has a role in maintenance of podocyte structure and function in 
the mature kidney. 


Figure 34.51 Vascular structures including the glomerulus are heavily 
labeled with antibody to vimentin. Tubular and interstitial components 
show weaker and sparse labeling. (Vimentin immunoperoxidase, 
original magnification A—62.) 


Figure 34.52 Prominent expression of vimentin is seen in glomerular 
endothelium, podocytes, and parietal epithelium. (Vimentin 
immunoperoxidase, original magnification A—300.) 


Glomerular Filtration Barrier 


The glomerular capillary wall functions as a filter that is selective for 
the size and charge of molecules. To pass through the capillary wall, a 
molecule must journey along an extracellular pathway through the 
fenestrated endothelium, the GBM, and the filtration slit diaphragm. 
Historically, the GBM has been considered the main barrier to filtration. 
More recently, the role of the podocyte slit diaphragm has emerged. 
The permeability of the glomerular capillary wall to water and small 
molecules is very high, whereas its permeability to molecules the size 
of albumin and larger is very low. Studies employing mathematical 
modeling have suggested that the GBM and filtration slits contribute 
equally to the total resistance to water filtration (386 ). A model 
incorporating ultrastructural data has shown that the slit diaphragm is 
the most restrictive part of the barrier to the filtration of 
macromolecules (387 ). 


Figure 34.53 Light micrograph demonstrating expression of the WT1 
protein in podocyte nuclei of an adult glomerulus. (WT1 
immunoperoxidase, original magnification A—210.) 


Mutations or deficiencies of genes encoding proteins of the filtration 
slit diaphragm domain, including nephrin and several of its interacting 
protein partners, result in massive proteinuria, providing genetic 
evidence for the crucial role of the slit diaphragm in glomerular 
permselectivity (348 ,358 ). Although the protein networks within the 
GBM contribute to the size selectivity of the filtration barrier, the slit 
diaphragm appears to be the most important size-selective filter. 


The GBM has been favored as the principal structure responsible for 
the charge-selective permeability of the glomerular capillary wall (388 
). This charge selectivity in the GBM has been associated with the 
presence of polyanionic molecules, such as heparan sulfate 
proteoglycans. Therefore, it was somewhat surprising that mice 
deficient for the heparan sulfate side chains of Perlecan were found to 
have no morphologic GBM defects and exhibited no proteinuria (389 ). 


However, since agrin appears to be the major heparan sulfate 
proteoglycan in the GBM (338 ), it will be important to evaluate its 
contribution to the charge barrier in the GBM. The distribution of 
negatively charged molecules in the cellular layers of the glomerular 
capillary wall are also likely important. Experimental removal of 


polyanionic sialic acids from the plasma membrane of podocytes leads 
to proteinuria (390 ). Although relatively neglected, there is emerging 
evidence that negative charges within the glomerular endothelial 
glycocalyx may play a role in charge selectivity (302 ,303 ). 


The a€oeintegrated viewa€* of the glomerular filtration barrier is that 
the endothelium, the GBM, and the podoctyes and their slit diaphragms 
do not act independently but are linked to one another in a functional 
unit. Each of these components is important for normal glomerular 
filtration. Detailed reviews of the the filtration barrier are available 
(391 ,392 ,393 ). 


Parietal Epithelial Cells 


The parietal layer of Bowman's capsule consists of relatively flat 
squamous epithelial cells. They have prominent proliferative potential 
(394 ). Keratins, cadherens, and the transcription factor Pax-2 are 
expressed in parietal epithelial 
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cells (Figure 34.54 ) (347 ,379 ,380 ,381 ,395 ). Cytokeratin 8 has 
been reported to be a marker for activated parietal epithelial cells (394 
). The cells are 0.1 to 0.3 Aum in height but may increase to 2 to 3.5 
Aum at the nucleus (284 ). The epithelium rests on the basement 
membrane of Bowman's capsule, which has been reported to range 
from 1,200 to 1,500 nm in thickness and may have a lamellated 
appearance (284 ). In contrast to the GBM, the basement membrane of 
Bowman's capsule expresses the Î+6 chain of type IV collagen, which 
is part of the Î+1.Î+1.1+2(IV)â€“Î+5.Î+5. 7+6(1V) network (396 ), and 
bamacan, a chondroitin sulfate proteoglycan (397 ). 


Figure 34.54 Keratin expression is not observed in the glomerular 
tuft, but immunoreactivity is seen in the parietal epithelial cells. The 
vascular pole is on the right . The macula densa (far right center ) and 
other tubule segments are immunoreactive for keratin. (CAM 5.2 
immunoperoxidase, original magnification A—120.) 


Peripolar Cells 


A peripolar cell, situated between the visceral and parietal epithelial 
cell layers at the origin of the glomerular tuft in Bowman's space, has 
been most commonly observed in sheep but also identified in humans 
(398 ,399 ,400 ,401 ). However, these cells have been detected only in 
approximately 1% of human glomeruli by light microscopy (399 ). 
Ultrastructurally, the peripolar cell contains multiple membrane-bound 
electron-dense secretory type granules. It has been proposed that this 
cell represents a component of the juxtaglomerular apparatus (398 ). 
The exact function of the peripolar cells is unknown, but they may 
have a secretory function and discharge their contents into Bowman's 
Space. 


J uxtaglomerular Apparatus 


The juxtaglomerular apparatus (JGA), discovered by Golgi (402 ), is 
situated at the vascular pole of the glomerulus and includes the 


afferent and efferent arterioles, extraglomerular mesangial region, and 
macula densa (MD) (Figure 34.55 ). The JGA is the major structural 
unit of the renin-angiotensin system. Although the general outline of 
this anatomical unit usually can be observed in light microscopic 
sections (Figure 34.56 ), histochemical or immunocytochemical 
methods are usually required to demonstrate the distinctive 
juxtaglomerular granular cells. These cells tend to occur in clusters and 
are most 
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abundant in the wall of the afferent arteriole, but they are also found 
in the wall of the efferent arteriole and the extraglomerular mesangial 
region (403 ,404 ,405 ). Ultrastructural analysis shows the presence of 
myofilaments, attachment bodies, a well-developed endoplasmic 
reticulum and Golgi apparatus, and numerous membrane-bound 
granules (Figure 34.57 ). The granules are variable in shape and size. 
It is believed that the smaller, often rhomboid-shaped granules with a 
crystalline substructure (called protogranules) observed in the Golgi 
region represent mature granules. Renin and angiotensin II have been 
immunolocalized to the granules of these cells (406 ,407 ). Renin 
release occurs by exocytosis. It is believed to be modulated by 
adrenergic nerve activity (408 ,409 ).The extraglomerular mesangium, 
also called the lacis or the cells of Goormaghtigh, is located between 
the afferent and efferent arterioles and has extensive contact with the 
basal surface of the MD. This extraglomerular region is continuous with 
the intraglomerular mesangium, and the Goormaghtigh's cells are 
similar in ultrastructure to the mesangial cells. There are numerous 
gap junctions between the extraglomerular mesangial cells and the 
cells of the intraglomerular mesangium and glomerular arterioles (410 
,411 ). These morphologic features and the central position within the 
JGA suggest that the extraglomerular mesangium may represent the 
structural-functional link between the MD and the glomerular arterioles 
and mesangium. The MD represents a plaque of specialized tubular 
cells within the cortical thick ascending limb of Henle adjacent to the 
hilus of the glomerulus. The cells are low columnar and may protrude 


into the tubular lumen (Figure 34.58 ). By electron microscopy, they 
have apical nuclei, cellular organelles largely lateral to and beneath the 
nuclei, and basal cellular processes that interdigitate with the 
extraglomerular mesangial cells. The lateral intercellular spaces 
between the MD cells vary in width but usually are more dilated 
compared with the lateral intercellular spaces of other nephron 
segments (412 ). In contrast with contiguous portions of the thick 
ascending limb, there is evidence that the MD lacks epidermal growth 
factor and Tamm-Horsfall protein but may be water permeable (Figure 
34.59 ) (413 ,414 ,415 ). 


Macula Densa r 


Goormaghtigh 
Cells 


Figure 34.55 The basic components of the juxtaglomerular apparatus. 
Modified with permission from: 

Kriz W, Kaissling B. Structural organization of the mammalian kidney. 
In: Seldin DW, Giebisch D, eds. The Kidney: Physiology and 
Pathophysiology . 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 
2000:587â€“654. 


Figure 34.56 Light micrograph depicting the juxtaglomerular 
apparatus. From the top to the bottom of the micrograph are the 
macula densa, extraglomerular mesangium, afferent arteriole, and 
glomerulus (original magnification A—750; courtesy of Dr. Luciano 
Barajas). Reprinted with permission from: 

Barajas L, Salido EC, Smolens P, Hart D, Stein JH. Pathology of the 
juxtaglomerular apparatus including Bartter's syndrome. In: Tisher CC, 
Brenner BM, eds. Renal Pathology with Clinical and Functional 
Correlations . 2nd ed. Philadelphia: JB Lippincott; 1994:948a€“978. 


Figure 34.57 Electron micrograph of a juxtaglomerular granular cell. 
Note the prominent cytoplasmic membrane-bound granules (original 
magnification A—19,000; courtesy of Dr. Luciano Barajas). Reprinted 


with permission from: 

Barajas L, Bloodworth JMB Jr, Hartroft PM. Endocrine pathology of the 
kidney. In: Bloodworth JMB Jr, ed. Endocrine Pathology: General and 
Surgical . 2nd ed. Baltimore: Williams & Wilkins; 1982:723a€“766. 


Figure 34.58 Macula densa characterized as a morphologically distinct 
plaque of low columnar cells with apically situated nuclei (PAS stain, 
original magnification A—750). 


The anatomic arrangement of the juxtaglomerular apparatus is suited 
for functional regulation of the adjacent structures. The MD plays a 
role in tubuloglomerular feedback, a mechanism whereby luminal 
concentrations of 
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sodium and/or chloride are sensed by the MD, leading to the transfer 
of a signal to the glomerular arterioles to regulate the glomerular 
filtration rate (GFR) (416 ). For example, increased luminal salt 
concentration at the MD results in a decreased GFR. The neuronal 
isoform of nitric oxide synthase (nNOS) and the cyclooxygenase 
enzyme COX-2 immunolocalize to the MD (417 ,418 ,419 ). There is 
evidence that both nitric oxide (NO)- and COX-2a€“generated 
prostaglandins play a role in the signaling between the MD and the 
renin-secreting cells in the afferent arteriole (420 ,421 ). 


Figure 34.59 Differential interference contrast image of an isolated 
thick ascending limb segment perfused in vitro. The tubular lumen (L ) 
and macula densa (dashed lines enclose the ends of the macula densa 
plaque) are observed. In response to a reduction in tubular luminal 
osmolality, there is dilatation of the lateral intercellular spaces (arrow 
) in the macula densa, suggesting increased water flow (original 
magnification A—1250) Modified with permission from: 

Kirk KL, Bell PD, Barfuss DW, Ribadeneira M. Direct visualization of the 
isolated and perfused macula densa. Am J Physiol 1985;248(pt 

2): F890â€“F894. 


Proximal Tubule 


The proximal tubule is divided into an initial convoluted portion (PCT), 
the pars convoluta, and a straight portion (PST), the pars recta. The 
convoluted portion forms several coils around its parent glomerulus in 
the cortex and continues into the straight portion, which is located in 
the medullary ray. 


The human proximal tubule is approximately 14 mm in length (422 ). 
In histologic sections of the cortex, sectioned profiles of proximal 
convoluted tubules represent the major parenchymal component. The 


appearance of the cortex and especially the proximal tubules varies, 
according to the method of fixation. A decrease in blood pressure 
results in decreased filtration and renal volume (423 ,424 ). After 
immersion fixation of excised pieces of renal tissue, the cortex has a 
more homogeneous compact appearance, and there is collapse of the 
proximal tubular lumens (Figure 34.60 ) (425 ). Free nuclei and 
vesicular membranous material may be observed in the proximal 
tubular lumens. Fixation of an experimental functioning kidney in situ 
by rapid freezing, dripping of fixative on the renal surface, or vascular 
perfusion results in more conspicuous intertubular interstitial spaces 
and widely open lumens of the proximal tubules. The cells of the 
proximal tubule are cuboidal to low columnar with eosinophilic, often 
granular cytoplasm and round nuclei situated in the center or near the 
base of the cells (Figure 34.61 ). The lateral cell borders are indistinct 
because of extensive interdigitations of lateral cellular processes from 
adjacent cells (Figure 34.62 ). In the basal part of the cells there are 
vertical striations that represent numerous elongated mitochondria. 
Cytoplasmic apical vacuoles and granules correspond to a well- 
developed endocytic-lysosomal apparatus. There is a prominent PAS- 
positive luminal brush border composed of the numerous densely 
packed long microvilli (Figure 34.63 ). The brush border, apical 
cytoplasmic vacuoles, and basal striations are less prominent in the 
pars recta. Lectins have been used as selective probes to delineate 
renal tubular segments (426 ,427 ,428 ). 


Figure 34.60 Immersion-fixed renal biopsy specimen demonstrating 
diffuse collapse of the proximal tubular lumens. Note the patent 
lumens of the distal nephron segments. (Original magnification 
A—250.) 


Figure 34.61 Cross section of a proximal tubule (left of center ). The 
proximal tubular cells are taller and more eosinophilic than the cells of 
the distal nephron segments (right ). (Original magnification A—750.) 


Although a certain degree of nonspecificity has been reported, the 
lectin Lotus tetragonolobus has been used as a marker of proximal 
tubular epithelium (Figure 34.64 ). 
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Keratins 8 and 18 are expressed in both the convoluted and straight 
portions of the proximal tubule, whereas keratin 19 is focally 
expressed in the straight portion (379 ,380 ,429 ). The specific 
expression of the cell adhesion protein cadherin-6 in the proximal 
tubule has been reported (430 ). 


Figure 34.62 Electron micrograph illustrating extensive interdigitation 
of cellular processes in the basal region of proximal tubular cells. The 
mitochondria (M ) are elongated. The width of the extracellular space 
(Opposing arrows ) is constant, and there are bundles of cytoplasmic 
filaments (single arrows ) adjacent to the basement membrane (BM ) 
(original magnification A—40,000). Reprinted with permission from: 
Maunsbach AB, Christensen El. Functional ultrastructure of the 
proximal tubule. In: Windhager EE, ed. Handbook of Physiology. Renal 
Physiology . New York: Oxford University Press; 1992:414€“107. 


In most mammals, distinct segments of the tubule portion of the 
nephron can be distinguished by structural and functional differences. 
The structural differences have been characterized mainly on the 
ultrastructural level (431 ). However, these tubule segments often can 
be detected on light microscopy because of their known distribution 
within specific zones of the kidney (Figure 34.33 ). In general, the 
degree of tubule segmentation has not been characterized in detail in 
the human kidney. In several mammals, the proximal tubule can be 


divided into three morphologically distinct segments (Figure 34.65 ) 
(431 ). The Sı segment originates at the glomerulus and constitutes 
one-half to two-thirds of the pars convoluta. The S2 segment 
represents the remainder of the pars convoluta and the initial part of 
the pars recta. The S3 corresponds to the remainder of the pars recta 
and is located in the inner cortex and outer stripe of the outer medulla. 
Although a pars convoluta and a pars recta have been described in the 
human kidney (432 ), the segmentation of the proximal tubule into 
three divisions has not been closely examined. 


Figure 34.63 PAS-stained cross section of proximal tubule to the left 
of the center of the micrograph. Note the prominent PAS-positive brush 
border (original magnification A—1250). 
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Figure 34.64 Staining of the brush border of the proximal tubules with 


lectin Lotus tetragonolobus . The distal nephron segments and 
glomeruli are negative. (Courtesy of Dr. Randolf A. Hennigar.) 


The cells in the Sı segment have a tall brush border, a well-developed 
endocytic lysosomal apparatus, numerous elongated mitochondria, and 
extensive basolateral invaginations and interdigitations. 


The cells in the S2 segment are similar to those in the S1 segment; 
however, the brush border is shorter, and the endocytic organelles, 
mitochondria, and basolateral invaginations and interdigitations are 
less prominent (Figure 34.66 ). The cells in the S3 segment are more 
cuboidal and have relatively fewer endocytic organelles, small 
mitochondria, and inconspicuous membrane invaginations and 
interdigitations. The length of the brush border in the S3 segment 
varies among species. 


The proximal tubule is responsible for the reabsorption of about 60% 
of the glomerular ultrafiltrate. The reabsorption of chloride, 
bicarbonate, glucose, amino acids, and fluid is coupled to the active 
transport of sodium (433 ). An excellent correlation exists along the 
length of the proximal tubule between the elaborately developed 
basolateral membrane expressed as surface area (Figure 34.67 ), the 
high sodium potassium (Nat /K* )-ATPase activities that are localized 
to the basolateral membrane, and the capacity 
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to transport sodium and ions (434 ,435 ). The [41/2 1 heterodimer is 
the main Nat /K+ -ATPase isozyme of the kidney, but the [+2- and 
[+3-isoforms have been detected (436 ,437 ). This sodium 
pumpa€“mediated active transport of Nat out of the cell across the 
basolateral membrane establishes a lumen-to-cell concentration 
gradient for Nat . 
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The transport of Nat from the lumen into the proximal tubule cell, 
down its concentration gradient, is mediated by the Nat /Ht 
exchanger, NHE3, expressed in the brush border (438 ,439 ). The 
numerous mitochondria located in close proximity to the plasma 
membrane provide a source for the cellular energy required for active 
transport. In general, the intrinsic rates at which fluid and solutes are 
transported decrease along the proximal tubule from Sı to S3 . The 
discovery of the aquaporins, a family of water channel proteins, has 
enhanced our understanding of the kidney's role as the primary organ 
that regulates water balance (440 ,441 ). Aquaporin-1 (AQP1), 
abundant in both the apical and basolateral membranes of the proximal 
tubule, is believed to mediate osmotic water permeability in this 
segment (442 ,443 ). 


Figure 34.65 Schematic diagram of the three segments of the 
proximal tubule: upper , Sı ; middle , S2 ; lower , S3 . The 
prominent basolateral processes are lined with mitochondria. The 


interdigitating cellular processes that come from adjacent cells are 
Shaded lighter. (Mb, microbody; M, mitochondrion; L, lysosome) 
Modified with permission from: 

Maunsbach AB, Christensen El. Functional ultrastructure of the 
proximal tubule. In: Windhager EE, ed. Handbook of Physiology. Renal 
Physiology . New York: Oxford University Press; 1992:414€“107. 


Figure 34.66 Electron micrograph of rat renal cortex. The cells in the 
Sı segment are taller and have a more prominent brush border than 
the cells in the S2 segment (original magnification A—1870). Reprinted 
with permission from: 


Maunsbach AB, Christensen El. Functional ultrastructure of the 
proximal tubule. In: Windhager EE, ed. Handbook of Physiology. Renal 
Physiology . New York: Oxford University Press; 1992:414€“107. 


Figure 34.67 Three-dimensional schematic drawing of the proximal 
convoluted tubule illustrating the complex basal and lateral cellular 
processes that interdigitate with those from adjacent cells. Modified 
with permission from: 

Welling LW, Welling DJ. Shape of epithelial cells and intercellular 
channels in the rabbit proximal nephron. Kidney Int 

1976; 9:385a€“394. 


The well-developed endocytic-lysosomal apparatus in the proximal 
tubule (Figure 34.68 ) plays an important role in reabsorption and 
degradation of albumin and low-molecular weight proteins filtered by 
the glomerulus (444 ). Proteins are absorbed by endocytosis and 
transferred through the endosomal compartment to the lysosomes, 
where they are degraded. This is a selective process dependent upon 
the size and charge of the protein molecule (445 ,446 ,447 ). The 
capacity for protein degradation decreases from the Sı to the S3 
segment (448 ). Upon exposure to an acidic environment in the 
endosomes (449 ), the internalized ligand-receptor complexes are 
segregated, and the receptors are recycled back to the luminal 
membrane via small vacuolar structures, termed apical dense tubules 
(450 ). Megalin and cubilin are multiligand endocytic receptors 


expressed throughout the endocytic apparatus of the proximal tubule 
(451 ). The receptors function independently but also interact as a dual 
complex to facilitate the uptake of albumin (452 ), as well as numerous 
ligands, including low-molecular weight proteins, vitamin-binding 
proteins, hormones, lipoproteins, and drugs (453 ). 
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Figure 34.68 Electron micrograph illustrating an isolated perfused S2 
segment of the rabbit proximal tubule. Note the endocytic 
compartment consisting of coated pits and vesicles, apical tubules, 
small endocytic vesicles, and larger endocytic vacuoles. The lysosomes 
are heterogeneous and contain electron-dense material. The 
mitochondria are numerous (original magnification A—15, 000). 
Reprinted with permission from: 

Clapp WL, Park CH, Madsen KM, Tisher CC. Axial heterogeneity in the 
handling of albumin by the rabbit proximal tubule. Lab Invest 
1988;58:549a€"558. 


The normal adult kidney has a relatively low rate of cell turnover with 
little proliferation (454 ,455 ,456 ). However, renal cell proliferation is 
accelerated during hypertrophy and following injury. Histologic 
assessment of cell proliferation can be made by determining a mitotic 
index or immunostaining with an antibody that detects proteins present 
during the cell cycle (457 ). During recovery after tubular injury, such 
as ischemia or toxin exposure, cell proliferation in tubular cells, 
especially in the proximal tubule, increases markedly (Figure 34.69 ) 
(458 ,459 ). Apoptosis has been documented in the adult kidney during 
the repair response to various forms of tubular injury, including 
ischemia, toxic insults, and hydronephrosis (Figure 34.70 ) (460 ,461 
,462 ,463 ). 


Thin Limbs of Henle's Loop 


The transition of the thin limbs of Henle's loop with other nephron 
segments marks the borders between certain zones of the kidney 
(Figure 34.33 ). Between the outer and inner stripes of the outer 
medulla, there is an abrupt transition from the proximal tubule to the 
descending thin limb (DTL) of Henle's loop. Short-looped nephrons 
have only a short DTL located in the inner stripe of the outer medulla. 
Near the hairpin turn of the short loop, the DTL continues into the 
thick ascending limb. Long-looped 
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nephrons have both a long DTL and a long ascending thin limb (ATL). 
The long DTL traverses the inner stripe of the outer medulla and enters 
the inner medulla, whereas the long ATL resides entirely within the 
inner medulla. At the border between the outer and inner medulla, the 
long ATL continues into the thick ascending limb. By light microscopy, 
the thin limb is lined with a flat, simple epithelium about 1 to 2 Aum 
thick (Figure 34.71 ). The lenticularly shaped nucleus bulges slightly 
into the lumen. Four types of epithelium have been described in the 
thin limb in several mammals (Figure 34.72 ) (272 ,464 ). It is not 


known if four types exist in humans, but at least two different types of 
epithelium have been demonstrated (465 ). Type I is present in the 
DTL of short-looped nephrons. It is an extremely thin, simple 
epithelium with few cellular interdigitations and cell organelles. Type Il 
epithelium lines the initial part of the DTL of long-looped nephrons 
located in the outer medulla. This epithelium exhibits species variation 
and is characterized by taller cells, short microvilli, and more 
prominent cell organelles than in the other epithelial types. In the rat 
and mouse, type II epithelium is complex and characterized by 
extensive lateral interdigitations; whereas in the rabbit and human 
kidney, the interdigitations are less prominent (272 ). Type Ill 
epithelium, found in the DTL of long-looped nephrons in the inner 
medulla, is composed of simple cells with few organelles and without 
lateral interdigitations. Type IV epithelium forms the bends of the long 
loops and lines the entire ATL in the inner medulla. It is characterized 
by low, flattened cells with few organelles and no microvilli but 
abundant lateral interdigitations. Thin limb epithelium has been 
reported to be immunoreactive for keratins 7, 8, 18, and 19 (379 ,380 
). 
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Figure 34.69 Biopsy of kidney allograft with cyclosporin A toxicity. 
Normally there is sparse labeling for Ki-67, a nuclear protein expressed 
by proliferating cells. In this example, there is a prominent increase in 
labeling of the tubular nuclei. (Ki-67 immunoperoxidase, original 


magnification A—210.) 


Figure 34.70 Micrograph from same case as in Figure 34.69 . Several 
apoptotic nuclei are present (1 to 2 o'clock positions) in the tubular 
epithelium. (PAS stain, original magnification A—300). 


Figure 34.71 Several thin limbs of Henle are depicted in the center of 
the light micrograph. The lining epithelium is extremely attenuated, 
and the nuclei protrude into the lumens (original magnification 
A—500). 
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Figure 34.72 Schematic drawing of the four types of epithelium in the 
thin limbs of Henle's loop. (The interdigitating cellular processes that 
come from adjacent cells are shaded lighter.) Modified with permission 
from: 

Madsen KM, Tisher CC. Anatomy of the kidney. In: Brenner BM, ed. 
Brenner and Rector's The Kidney. 7th ed. Philadelphia: WB Saunders; 
2004: 3a€“72. 


The thin limb of Henle's loop plays an important role in the 
countercurrent multiplication component of urinary concentration. 
Physiologic studies have demonstrated that the DTL is permeable to 
water but has low permeability to sodium chloride, whereas the thin 
ascending limb is largely impermeable to water but has a high 
permeability to sodium chloride (272 ,466 ). These physiologic 
investigations are supported by immunohistochemical studies. The 
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aquaporin water channel protein, AQP1, is prominently expressed in 
the DTL but not in the ATL (442 ,467 ). The kidney-specific chloride 
channel C1C-K1 is expressed exclusively in the ATL (468 ,469 ). Mice 
and humans lacking AQP1 (470 ,471 ) and mice deficient for C1C-K1 
(472 ) have impaired urine concentrating ability. In the passive model 
proposed by Kokko and Rector (473 ) and Stephenson (474 ), a 
hypertonic medullary interstitium concentrates sodium chloride in the 
DTL by extraction of water. The fluid that then enters the ATL has a 
higher sodium chloride concentration, resulting in passive salt 
absorption and dilution of the fluid of the ATL. Thus, the thin limb 
contributes to the maintenance of a hypertonic medullary interstitium 
and delivers a dilute fluid to more distal segments. The morphologic 
features of a simple epithelium with few organelles in the ATL are 
consistent with the lack of demonstrable active transport in this 
segment. 


Distal Tubule 


The distal tubule consists of three distinct segments: the thick 
ascending limb of Henle's loop (TAL), the macula densa (MD), and the 
distal convoluted tubule (DCT) (Figure 34.33 ). The MD, as previously 
discussed (in the section entitled Juxtaglomerular Apparatus), is a 
specialized plaque of cells within the TAL. In short-looped nephrons, 
the transition from the descending thin limb to the TAL occurs before 
the hairpin turn. In long-looped nephrons, the transition from the thin 
ascending limb to the TAL marks the border between the inner medulla 
and the inner stripe of the outer medulla. The TAL can be divided into 
a medullary (MTAL) and a cortical segment (CTAL). The cells are 
eosinophilic and cuboidal, and the round nucleus tends to be located in 
the apical region and causes a bulge of the cell into the lumen (Figure 
34.73 ). Similar to the proximal tubule cells, the cells of the TAL have 
indistinct lateral cell borders because of elaborate basolateral 
membrane invaginations and interdigitations. They also have 
cytoplasmic basal striations because of elongated mitochondria. These 


morphologic features are characteristic for epithelial cells involved in 
active transport. However, in contrast to the proximal tubule, the cells 
are lower and less eosinophilic, and there is no brush border in the 
TAL. As the TAL ascends into the cortex, there is a gradual decrease in 
cell height, basolateral membrane area, and size of the mitochondria 
(475 ). Scanning electron microscopy has shown two luminal surface 
configurations of cells in the TAL (476 ). Cells with a relatively smooth 
surface are most commonly found in the medullary segment, whereas 
cells with a rough surface due to luminal microprojections and apical 
lateral membrane invaginations predominate in the cortical segment. 
The functional significance of these structural findings remains 
unexplained. The TAL continues into the distal convoluted tubule just 
beyond the MD. The cells of the TAL synthesize Tamm-Horsfall protein 
and secrete it into the tubular lumen (414 ). This segment expresses 
keratins 8 and 18 (378 ,380 ,429 ), and also kidney-specific (Ksp) 
cadherin (477 ). 


Figure 34.73 Light micrograph demonstrating a cross section of a 
thick ascending limb in the center. There is no brush border, and the 
cells are lower than the adjacent proximal tubular cells. (Toluidine 
blue-stained, 1-Aum Epon section, original magnification A—750.) 


An important function of the TAL is the active reabsorption of sodium 
chloride. There is a correlation between structure and function in the 


ascending limb. The basolateral membrane surface area, the Nat /Kt - 
ATPase activity, and the reabsorptive capacity for sodium chloride are 
all greater in the medullary segment than in the cortical segment of 
the TAL (433 ,475 ,478 ). The reabsorption of sodium chloride in both 
the medullary and cortical segments of the TAL is mediated by a 
bumetanide-sensitive Nat /K* /2Cl- cotransporter (BSC-1), which 
localizes to the TAL apical plasma membrane (479 ). This reabsorption 
of salt coupled with the water impermeability of the TAL results in a 
hypertonic interstitium and delivery of a hypotonic fluid to more distal 
tubular segments. 


The DCT begins just beyond the MD in the cortex and represents the 
terminal part of the distal tubule. The cells of the DCT are similar to 
those of the TAL and contain numerous mitochondria. However, the 
DCT cells are taller, characteristically have nuclei closer to the lumen, 
and lack lateral interdigitations in the apical region between adjacent 
cells (Figure 34.74 ). In comparison with the proximal tubule, the cells 
of the DCT are lower and less eosinophilic, have a less prominent 
apical endocytic apparatus, and lack a brush border. More nuclei are 
observed in a cross section than in the proximal tubule, and the lumen 
is normally open. The epithelium of the DCT shows immunoreactivity 
for keratins 8, 18, and 19 (379 ,429 ) and for Ksp-cadherin (477 ). In 
the DCT, reabsorption of sodium chloride is mediated by the Nat /CI 
cotransporter, TSC, which localizes to the apical plasma membrane and 
apical cytoplasmic vesicles (480 ,481 ). The cotransporter TSC, the 
target of thiazide diuretics, is distinct from the cotransporter BSC-1, 
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present in the thick ascending limb. Biochemical studies have 
demonstrated that the DCT has a higher level of Nat /K*t -ATPase 
activity than any other tubular segment (116 ). Morphologic and 
physiologic studies have provided evidence that the DCT, similar to the 
TAL, is relatively impermeable to water but responsible for the 
reabsorption of sodium chloride (482 ,483 ,484 ). 


Figure 34.74 Light micrograph showing a distal convoluted tubule. 
Note the absence of a brush border and the nuclei situated close to the 
lumen. (PAS stain, original magnification A—750.) 


Connecting Segment 


The connecting segment (or tubule) is a transitional segment that joins 
the DCT with the collecting duct system. In superficial nephrons, the 
connecting segment (CS) continues directly into an initial collecting 
tubule (Figure 34.75 ). In contrast, the connecting segments of 
juxtamedullary nephrons and of many midcortical nephrons join to 
form an arcade that ascends in the cortex before draining into an initial 
collecting tubule. In humans, most nephrons empty individually into 
initial collecting tubules (272 ). 


Fourteen percent of the nephrons are connected to arcades, and each 
arcade consists of about three nephron attachments (6 ). Each cortical 
collecting tubule receives an average of 11 nephrons (6 ). In most 
species, including humans, the CS contains different cell types as a 
result of an intermixing of cells from the adjacent DCT and cortical 
collecting duct (485 ). The connecting tubule cell is the most 
characteristic cell type of this transitional segment. They display 
ultrastructural features intermediate between the DCT cells and the 
principal cells of the cortical collecting duct and contain deep true 


infoldings of the basal cell membrane (486 ). The connecting tubule 
cell appears to be the only cell type in the kidney (of those thus far 
identified) that shows immunoreactivity for the proteolytic enzyme 
kallikrein (487 ,488 ). The physiologic relevance of this finding remains 
uncertain. Various types of intercalated cells, similar to those in the 
cortical collecting duct, are also present in the CS and are likely 
involved in tubular acid-base regulation. The CS is an important site of 
potassium secretion regulated by mineralocorticoids (484 ). An ATP- 
sensitive Kt channel, ROMK, localizing to the apical membrane of 
connecting tubule cells, likely mediates the potassium secretion (489 
,490 ). The expression of a Nat /Ca2+ exchanger and a Ca?+ -ATPase 
in the basolateral membrane of the connecting tubule cells suggests 
the CS has a significant role in calcium reaborption (491 ,492 ). 


Collecting Duct 


The collecting duct begins in the cortex and descends to the tip of the 
papilla, also called the area cribrosa, where the inner medullary 
segments terminate as the ducts of Bellini. These terminal collecting 
duct segments were apparently described by Eustachio nearly 100 
years before the observation of Bellini (493 ). During its course, there 
is an increase in diameter from the cortical portion to the terminal 
segments at the area cribrosa. The collecting duct can be divided into 
the cortical (CCD), outer medullary (OMCD), and inner medullary 
collecting ducts (IMCD). Significant cellular heterogeneity exists along 
the collecting duct (271 ). Although there is a degree of nonspecificity, 
the lectins Dolichos biflorus and Arachis hypogaea have been used as 
markers for collecting duct epithelium (Figure 34.76 ) (427 ). The 
distal tubules and collecting ducts show variable but generally more 
intense staining for keratins than do the proximal tubules (Figures 
34.77 ,34.78 ). Keratins 8, 18, and 19 are prominently expressed 
throughout the cortical and medullary collecting ducts (379 ,380 ,429 
). There is less 
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staining for keratin 7. Scattered keratin 7- and 19-negative cells have 


been observed to be intercalated cells (379 ). Keratins 5/6, 17, and 
20, as well as vimentin, are restricted primarily to medullary collecting 
ducts (429 ). There is less immunoreactivity for Ksp-cadherin in 
collecting ducts compared to the thick ascending limbs and distal 


convoluted tubules (477 ). 
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Figure 34.75 Diagram of the various anatomic arrangements of the 
distal tubule connecting to the cortical collecting duct in superficial, 
midcortical and juxtamedullary nephrons. (G, glomerulus; ATL, 
ascending thick limb (of Henle); MD, macula densa; DCT, distal 
convoluted tubule; CS, connecting segment; ICT, initial collecting 
tubule; MRCT, medullary ray collecting tubule) 


Figure 34.76 Staining of the collecting ducts and thick ascending 
limbs with lectin Arachis hypogaea . The proximal tubules and 
glomeruli are negative. (Courtesy of Dr. Randolf A. Hennigar.) 


Cortical Collecting Duct 


The cortical collecting duct can be subdivided further into the initial 
collecting tubule and the medullary ray portion. By light microscopy, 
the epithelium of the cortical collecting duct consists of cuboidal cells 
with distinct lateral cell borders and central round nuclei (Figure 34.79 
). The lumen is prominently open, and there is no brush border. The 
cortical collecting duct is composed of principal cells and intercalated 
cells. Principal cells are mainly responsible for salt and water 
transport, and the intercalated cells are involved in acid-base 
regulation. It is difficult to distinguish principal cells from intercalated 
cells on H&E paraffin sections. The principal cells on light microscopy 
have an extremely light or clear cytoplasm. By electron microscopy, 
the principal cells have relatively few cell organelles and no 
interdigitations of lateral cellular processes from adjacent cells, which 
accounts for the distinct cell borders observed on light microscopy 
(Figure 34.80 ). However, there are prominent infoldings of the basal 
plasma membrane, which gives the basal region an accentuated clear 
appearance on light microscopy (494 ). The principal cell has a fairly 


smooth luminal surface with short microvilli and a single cilium by 
scanning electron microscopy (Figure 34.88 ). 


Figure 34.77 Distal tubules, collecting ducts, proximal tubules, and 
parietal epithelium lining Bowman's capsule showing expression of 

keratins. The distal tubules and collecting ducts label more intensely 
than do the proximal tubules. (CAM 5.2 immunoperoxidase, original 
magnification A—62.) 


Figure 34.78 Detection of keratin expression varies depending on the 
Specificity and dilution of the antibody. In this micrograph, there is 
prominent immunoreactivity of the distal tubules and collecting ducts. 
(3512H11 immunoperoxidase, original magnification A—62.) 
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Principal cells are involved in sodium reaborption and potassium 
secretion. Sodium reaborption is mediated by 
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an amiloride-sensitive sodium channel, ENaC, located in the apical 
membrane of principal cells throughout the entire collecting duct (495 
,496 ). Experimental conditions of dietary potassium loading or 
mineralocorticoid stimulation have shown increases in potassium 
secretion and Nat /Kt -ATPase activity in the cortical collecting duct, 
along with an increase in the surface area of the basolateral membrane 
of the principal cells (497 ,498 ,499 ,500 ,501 ). These findings 
indicate that the principal cells are involved in potassium secretion in 
the cortical collecting duct. The entire collecting duct becomes 
permeable to water in the presence of the antidiuretic hormone 
vasopressin. After vasopressin binds to its receptor on the basolateral 
membrane of principal cells (502 ), small apical cytoplasmic 
tubulovesicles (called aggrephores) containing the aquaporin water 
channel AQP2 are shuttled to the apical membrane, which markedly 
increases water permeability (503 ,504 ). The presence of the 
aquaporin water channels AQP3 and AQP4 in the basolateral 
membranes of principal cells facilitate the final exit of water into the 
interstitium (505 ,506 ). 


Figure 34.79 Micrograph illustrating a cortical collecting duct. Note 
the distinct lateral cell orders (original magnification A—500). 


Figure 34.80 Electron micrograph of principal cell from the collecting 
duct. Note the relatively prominent infoldings of the basal plasma 
membrane (original magnification A—12,500). 


The intercalated or a€oedarka€* cells are interspersed in the lining 
epithelia of the collecting duct. Although intercalated cells usually 
represent the minority cell type in epithelia where they are found, they 
constitute 30 to 40% of the cells in the cortical collecting duct in some 
mammals (271 ,280 ). They are also present in the connecting 
segment, the outer medullary collecting duct, and the initial portion of 
the inner medullary collecting duct. Intercalated cells may be identified 
on 1-Aum thick toluidine blue-stained Epon sections by their densely 
staining cytoplasm and their often convex luminal surface covered with 
numerous microprojections (Figure 34.81 ). The darkly staining 
cytoplasm is due in part to the presence of relatively more organelles, 
especially mitochondria. Two distinct populations of intercalated cells, 
types A and B, have been described in the cortical collecting duct of 
mammals (507 ,508 ). On ultrastructural examination, the type A 
intercalated cells have prominent microprojections of the apical 
membrane and extensive tubulovesicular structures in the apical 
cytoplasm (Figure 34.82 ). In comparison with the type A cells, the 


type B intercalated cells have a denser cytoplasm, more mitochondria, 
a smaller apical membrane area, a small number of microprojections 
on the apical surface, more spherical vesicular structures throughout 
the cytoplasm (but fewer vesicles beneath the apical membrane), and 
a larger basolateral membrane surface area (Figure 34.83 ). By 
scanning electron microscopy, the type A cells have a large convex 
luminal surface covered with numerous complex microprojections 
called microplicae (Figure 34.84 ), whereas the type B cells display a 
small angular luminal surface with relatively small microvilli (Figure 
34.85 ) (508 ). The type B intercalated cells may be inconspicuous on 
scanning electron microscopy. More recently, a third type of 
intercalated cell has been characterized in the cortical 
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collecting duct of some mammals (509 ,510 ). They account for 40 to 
50% of intercalated cells in the mouse connecting segment and initial 
collecting duct. The non-Ada€“non-B intercalated cells are larger than 
type A and type B intercalated cells, have abundant mitochondria, and 
have prominent apical microprojections similar to those of type A cells. 
Compared to the type A and B intercalated cells, the non-Ada€“non-B 
intercalated cells have been studied in fewer species, mainly the rat 
and mouse. There are significant differences in the prevalence and 
distribution of the different types of intercalated cells throughout the 
connecting segment and cortical collecting duct among mammalian 
species (280 ). 


Figure 34.81 Light micrograph of the outer medulla showing 
intercalated cells in the collecting ducts. The intercalated cells exhibit a 
bulging apical surface covered with microprojections and dark-staining 
cytoplasm. (One-micron toluidine blue-stained Epon section, original 
magnification A—160.) 
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Figure 34.82 Electron micrograph of a type A intercalated cell in the 
cortical collecting duct. Note the prominent tubulovesicular membrane 
compartment in the apical cytoplasm and the numerous 
microprojections on the luminal surface. (Original magnification A—11, 
800; courtesy of Dr. Jill W. Verlander.) 


Figure 34.83 Electron micrograph of a type B intercalated cell in the 
cortical collecting duct. There are numerous vesicles throughout the 
cytoplasm, and the basolateral membrane is prominent. Note the 
paucity of microprojections on the luminal surface. Compared to the 
type A intercalated cell, there are fewer vesicles beneath the apical 
membrane. (Original magnification A—11,800; courtesy of Dr. Jill W. 
Verlander.) 
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Figure 34.84 Scanning electron micrograph of the luminal surface of a 
type A intercalated cell in the cortical collecting duct. The type A cell is 
well demarcated and has a large luminal surface covered primarily with 
microplicae but also microvilli. (Original magnification A—15,000; 
courtesy of Dr. Jill W. Verlander.). 


Figure 34.85 Scanning electron micrograph of the luminal surface of a 
cortical collecting duct. A type B intercalated cell (arrows ) displays a 
small angular luminal surface covered with short microprojections, 
mainly microvilli. (Original magnification A—15,000; courtesy of Dr. Jill 
W. Verlander.) 


Intercalated cells are typified by their high levels of carbonic 
anhydrase, the enzyme that catalyzes the interconversion of carbon 
dioxide (CO2 ) to bicarbonate (HCO3~ ), Suggesting they are involved 
in urine acidification (511 ). Physiologic studies have demonstrated 
that the cortical collecting duct reabsorbs bicarbonate in acid-loaded 
animals (512 ) and secretes bicarbonate in alkali-loaded animals (513 
). In a study of experimental acute respiratory acidosis, there was a 
striking increase in the apical membrane surface area of the type A 
intercalated cells, whereas no morphologic changes were observed in 
the type B cells (508 ). 


Studies have immunolocalized the vacuolar-type proton pump H+ - 
ATPase in the apical membrane (514 ,515 ,516 ) and the Cl /HCO3 ` 
exchanger, AE1 (Band 3), in the basolateral membrane (507 ,516 ,517 
,518 ) of type A intercalated cells. These findings indicate that type A 
cells are responsible for H* secretion in the cortical collecting duct. 
The immunolocalization of the Ht -ATPase to the basolateral 
membrane of type B intercalated cells (515 ,516 ) and the physiologic 
evidence for an apical Cl /HCO3~- exchange in these cells (519 ) 
indicate that type B cells are involved in bicarbonate secretion. 
Evidence has accumulated to indicate that the apical Cl /HCO3 ^ 
exchange in the type B cell is mediated by the protein pendrin, which 
immunolocalizes to the apical membrane and apical cytoplasmic 
vesicles of the B cell (520 ,521 ,522 ). Furthermore, the renal cortical 
expression of pendrin is increased in alkali-loaded animals and 
decreased in acid-loaded animals (523 ). Type B intercalated cells are 
most numerous in the cortical collecting duct. Pendrin is not in the 
Same protein family as AE1 (524 ). Mutations of the gene encoding 
pendrin result in 
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Pendred's syndrome, a disorder mainly associated with a thyroid goiter 
and deafness (525 ). The non-Ada€“non-B intercalated cells express 
pendrin in the apical membrane and cytoplasmic vesicles like type B 
intercalated cells but also express the Ht -ATPase in the apical 
membrane-like type A intercalated cells (522 ,526 ). It is unclear 
whether the non-Ada€“non-B cells function as Ht - or HCO3~ -secreting 
cells or possibly switch between these two functions. Thus, the types of 
intercalated cells may be defined by their cellular distribution of the Ht 
-ATPase and the presence or absence of the anion exchangers, AE1 and 
pendrin (527 ). Alternatively, it has been proposed that intercalated 
cells exhibit a high degree of plasticity and may reverse their apical- 
basolateral polarity in response to changes in the acid-base status 
(528 ). For example, it has been reported that type B intercalated cells 
can convert to type A cells in response to metabolic acidosis (529 ). 


Outer Medullary Collecting Duct 


The collecting duct traverses the outer medulla without receiving 
tributaries. The outer medullary collecting duct is lined by principal 
cells and intercalated cells (Figure 34.86 ). The principal cells in this 
segment are similar to those in the cortical collecting duct but are 
taller and have fewer organelles and basal membrane infoldings. The 
intercalated cells constitute 18 to 40% of the cells in the outer 
medullary collecting duct in some species and gradually decrease along 
this segment (530 ,531 ). The intercalated cells in the outer medullary 
collecting duct resemble the type A intercalated cells in the cortical 
collecting duct but are taller and have a less dense cytoplasm. 


Figure 34.86 Light micrograph illustrating longitudinal section of an 
outer medullary collecting duct (original magnification A—250). 


The outer medullary collecting duct plays a major role in urine 


acidification. An increase in the surface area of the apical plasma 
membrane of the intercalated cells in this segment has been 
demonstrated after hydrogen ion stimulation (532 ,533 ). The apical 
and basolateral membranes of these cells label with antibodies against 
the Ht -ATPase and the chloride/bicarbonate exchanger, respectively 
(514 ,518 ). These findings suggest that the intercalated cells in the 
outer medullary collecting duct are responsible for hydrogen ion 
secretion. In addition, this segment may be an important site of 
potassium reabsorption. The functional presence of Ht /K*t -ATPase 
activity in the outer medullary collecting duct (534 ,535 ) and the 
immunohistochemical (536 ) and in situ hybridization (537 ,538 ) 
localization of Ht /K* -ATPase in the intercalated cells of this segment 
indicate that these cells are involved in potassium reabsorption in 
exchange for hydrogen ion secretion. 


Inner Medullary Collecting Duct 


The inner medullary collecting duct (IMCD) represents the terminal 
portion of the collecting duct. Although the IMCD is often called the 
papillary collecting duct, only the inner two-thirds of the IMCD are 
located in the papilla. 


Descending through the inner medulla, the collecting ducts join in 
successive fusions, which result in an arborescent architectural 
arrangement. There is a significant increase in diameter and height of 
the epithelium as the ducts descend (539 ). The height of the cells 
increases gradually from cuboidal to columnar (Figure 34.87 ). 
However, in the terminal portion of the human inner medulla there is 
often an abrupt transition between collecting ducts lined with cuboidal 
cells and the ducts of Bellini, which are composed of tall columnar 
cells. 


Structural and functional heterogeneity exist along the IMCD (539 ). It 
can be subdivided arbitrarily into three portions: 
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the outer third (IMCDı ), middle third (IMCD2 ), and inner third (IMCD3 


). However, there is physiologic evidence for the division of the IMCD 
into two functionally distinct segments, which are termed the initial 
IMCD and the terminal IMCD (540 ,541 ). 


Figure 34.87 Micrograph illustrating columnar cells of the collecting 
duct in the inner medulla (original magnification A—500). 


The initial IMCD is the outer segment and mainly corresponds to the 
IMCDı , whereas the terminal IMCD includes most of the IMCD2 and 
the IMCD3 . The initial IMCD consists mainly of principal cells that are 
similar in structure to the principal cells in the OMCD. In the rat, 
intercalated cells similar to the type A intercalated cells in the OMCD 
comprise approximately 10% of the cells in the initial IMCD (Figure 
34.88 ) (542 ). Intercalated cells are rare to absent in the initial IMCD 
of the human (485 ) and rabbit (530 ). The terminal IMCD is composed 
of mainly one cell type, the IMCD cell. Compared with principal cells, 
the IMCD cells are taller and have lighter staining cytoplasm containing 
numerous ribosomes, small lysosomes in the basal cytoplasm, and 
fewer infoldings of the basal plasma membrane (Figure 34.89 ) (543 ). 
By scanning electron microscopy, the IMCD cells display more 
numerous small microvilli and lack the central cilium characteristic of 
principal cells (Figure 34.90 ). 


The inner medullary collecting duct has an important role in urinary 


concentration. The reabsorption of urea and water in this segment 
causes the formation of a concentrated urine. Physiologic studies 
demonstrated that urea and water permeabilities are low in the initial 
IMCD and relatively high in the terminal IMCD (540 ,541 ). Water 
permeability is increased by vasopressin in both subsegments and is 
mediated by the aquaporin water channel AQP2 present in the apical 
membrane of the IMCD cells (503 ). Vasopressin increases urea 
permeability only in the terminal IMCD. The urea transporters UT-Al 
and UT-A3 immunolocalize to the terminal IMCD and mediate urea 
transport in this segment (544 ,545 ,546 ). There is evidence that the 
IMCD is also involved in urine acidification. Acid secretion mediated by 
an Ht /Kt -ATPase has been demonstrated in isolated perfused 
segments from this region, although no immunoreactivity for this 
transport protein has been demonstrated in the IMCD (547 ). 


Figure 34.88 Scanning electron micrograph of the inner medullary 
collecting duct. The intercalated cell is round and exhibits a convex 
luminal surface covered with microplicae without cilia. The adjacent 
principal cells are characterized by short microvilli and a single central 


cilium on their luminal surface. (Original magnification A—12,000.) 
Reprinted with permission from: 

Clapp WL, Madsen KM, Verlander JW, Tisher CC. Morphologic 
heterogeneity along the rat inner medullary collecting duct. Lab Invest 
1989; 60:219a€“230. 


Figure 34.89 Electron micrograph of an IMCD cell. The cell is tall, has 
extensive lateral membranes, and exhibits small stubby microvilli. 
Infoldings of the basal plasma membrane are not prominent. (Original 
magnification A—12,500.) Reprinted with permission from: 

Clapp WL, Madsen KM, Verlander JW, Tisher CC. Morphologic 
heterogeneity along the rat inner medullary collecting duct. Lab Invest 
1989; 60:219a€“230. 


Interstitium 


The renal interstitium consists of an extracellular matrix containing 
sulfated and nonsulfated glucosaminoglycans and interstitial cells (548 
). In humans, estimates of the relative 
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cortical interstitial volume range from 5 to 20%, with a mean of 12% 
(549 ,550 ,551 ). A significant increase with age has been reported 
(551 ). The peritubular interstitial tissue in the normal cortex is 
inconspicuous on light microscopy, and the tubules and capillaries 
often have a back-to-back architectural appearance (Figure 34.91 ). 
Types | and III collagen and fibronectin are present (552 ). The 
periarterial connective tissue constitutes a loose sheath around the 
intrarenal arteries and contains the lymphatic vessels (553 ). The 
periarterial connective tissue should not be overinterpreted as 
representing focal interstitial fibrosis in the cortex. Two types of 
cortical interstitial cells have been described: a fibroblast-like cell and 
a lymphocyte-like cell (548 ). The fibroblast-like cells show 
immunoreactivity for ecto-5-nucleotidase (5-NT) (554 ). These 5-NT- 
postive interstitial fibroblasts are the erythropoietin-producing cells in 
the kidney (555 ,556 ). 


Figure 34.90 Scanning electron micrograph of the terminal IMCD. The 
entire luminal surface of the IMCD cells is covered with abundant short 
microvilli. There is an absence of cilia. (Original magnification 
A—12,500). Reprinted with permission from: 

Clapp WL, Madsen KM, Verlander JW, Tisher CC. Morphologic 
heterogeneity along the rat inner medullary collecting duct. Lab Invest 
1989; 60:219a€“230. 
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The relative volume of the renal interstitium increases from the cortex 
to the tip of the papilla. The interstitial volume has been reported from 
10 to 20% in the outer medulla to approximately 30 to 40% at the 
papillary tip in some species (557 ). This appreciable amount of 
interstitium in the medulla should not be mistaken for interstitial 
fibrosis by the pathologist. The medullary interstitium has a gelatinous 
appearance on light microscopy (Figure 34.92 ). The interstitial cells in 
the medulla include lymphocyte-like cells virtually identical to the ones 


in the cortex, pericytes situated near the descending vasa recta, and 
prominent lipid-containing cells mainly localized to the inner medulla 
(548 ). The latter, the renomedullary interstitial cells, are often 
arranged in rows between the loop of Henle and the vasa recta, have 
irregular, long cytoplasmic processes, and contain lipid inclusions. 
These cells can be observed on 1-Aum thick toluidine blue-stained 
sections of the inner medulla. The lipid droplets contain mainly 
triglycerides that are rich in unsaturated fatty acids, including 
arachidonic acid, phospholipids, and cholesterol (548 ). In addition to 
the synthesis of the extracellular matrix of the interstitium, the 
renomedullary interstitial cells are believed to contribute to the 
endocrine-like antihypertensive function of the renal medulla (558 ,559 


Figure 34.91 Biopsy specimen of the cortex of a kidney donated for 
transplantation. Note the compact arrangement of the tubules and the 
limited amount of interstitial tissue. (Original magnification A—250.) 


Figure 34.92 Renal biopsy specimen illustrating the inner medulla. 
Note the prominent amount of interstitium Surrounding the tubules. 
(Original magnification A—500.) 


Figure 34.93 Micrograph of the corticomedullary junction illustrating 
an arcuate artery (original magnification A—125). 
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Vasculature 


A detailed description of the renal vasculature is available (560 ). The 
segmental arteries, originating from the anterior and posterior 


divisions of the main renal artery, divide to form the interlobar 
arteries, which course toward the cortex along the septa of Berlin 
between adjacent renal pyramids. At the corticomedullary junction, the 
interlobar arteries give rise to the arcuate arteries, which follow a 
gently curved course along the base of the pyramids parallel to the 
kidney surface (Figure 34.93 ). The interlobular arteries branch sharply 
from the arcuate arteries and ascend in the cortex in a radial fashion 
toward the renal surface. Because the renal lobules cannot be clearly 
distinguished, it has been recommended that the interlobular arteries 
be called cortical radial arteries (276 ,560 ). 


Most afferent arterioles originate from the interlobular arteries, and 
each supplies a single glomerulus. The angle of origin of the afferent 
arterioles becomes less recurrent and more open as the interlobular 
arteries extend to the outer cortex (Figure 34.94 ) (561 ). The length 
of the afferent arterioles is variable; average values of 170 to 280 Aum 
have been reported (Figure 34.95 ) (562 ,563 ). Some rare branches 
of the intrarenal arteries that do not terminate in glomeruli, the so- 
called aglomerular vessels, may result from degeneration of the 
connected glomeruli (561 ). Aglomerular arterioles near the 
corticomedullary junction have been observed to enter the medulla, 
and shunt arterioles between afferent and efferent arterioles have 
been reported (564 ,565 ,566 ). 


Figure 34.94 juxtamedullary glomerulus with a connected hilar 


arteriole. Note the recurrent angle of the arteriole. (Silver 
methenamine stain, original magnification A—250.) 


Figure 34.95 Micrograph depicting the transverse course of an 
afferent arteriole supplying a glomerulus. (PAS stain, original 
magnification A—250.) 


The wall structure of the intrarenal arteries and the proximal portion of 
the afferent arterioles resembles that of blood vessels of the same size 
elsewhere in the body. The endothelium stains for factor VIIla€“related 
antigen (Figure 34.96 ) (567 ,568 ) and CD34 (Figure 34.97 ) (569 
,570 ), whereas the muscularis stains for smooth muscle actin (Figure 
34.98 ) (571 ) and vimentin. 


Figure 34.96 Factor VIII is produced by endothelium. The micrograph 
shows factor VIII immunoperoxidase staining of a medium-sized artery 


(center ), vein (right ), and glomerulus (left ) (original magnification 
A—62). 
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Figure 34.97 CD34 immunoperoxidase staining demonstrates a 
greater variety of vascular structures that label more intensely than 
with factor VIII. In the micrograph, arteries, veins, glomeruli, and 
peritubular capillaries are immunoreactive (original magnification 
A—62). 


The efferent arterioles from the glomeruli branch to form a complex 


postglomerular microcirculation (Figure 34.99 ). Although gradations 
exist, three basic types of efferent arterioles may be distinguished 
(572 ,573 ). The superficial or outer cortical efferent arterioles are 
fairly long and divide into extensive capillary networks that supply the 
convoluted tubules of the cortical labyrinth. These capillaries are 
readily identified by CD34 and smooth muscle actin staining (Figures 
34.98 , 34.100 ,34.101 ). The midcortical efferent arterioles are 
variable in length and supply the cortical labyrinth and the straight 
tubules of the medullary rays. With the exception of the outer cortex, 
there is dissociation between the tubule segments and the efferent 
arterioles of their parent glomeruli. In the midcortex and inner cortex, 
tubule segments are supplied by capillaries of efferent arterioles from 
other glomeruli (574 ,575 ). 
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The efferent arterioles from juxtamedullary nephrons descend and 
supply the entire medulla. In contrast to the efferent arterioles of 
Superficial and midcortical glomeruli (Figure 34.102 ), those from 
juxtamedullary glomeruli are larger in diameter, display more layers of 
smooth muscle cells, and have more endothelial cells on cross sections 
(274 ,560 ). 


Figure 34.98 Smooth muscle actin immunoperoxidase stain illustrating 
a labeled large artery (upper left ) and arterioles at the 
corticomedullary junction and two positive-stained columns of vasa 


recta (midright ) penetrating the medulla. Two venous profiles (upper 
center ) have minimal muscularis. (Original magnification A—11.) 
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Figure 34.99 The renal microvasculature. The left side (red) 
illustrates the arterial vessels, glomeruli, and capillaries. An 
interlobular artery originates from an arcuate artery (white arrow ) and 
gives rise to the afferent arterioles, which supply the glomeruli (dark 
brown). The efferent arterioles of the superficial and midcortical 
glomeruli supply the capillary plexuses of the cortical labyrinth and the 


medullary rays. The efferent arterioles of the juxtamedullary glomeruli 
descend into the medulla and form the descending vasa recta, which 
supply the adjacent capillary plexuses. Note the prominence of the 
capillary plexus in the inner stripe of the outer medulla. The right side 
(blue), which may be superimposed on the left side, displays the 
venous system. The ascending vasa recta drain the medulla and empty 
into the arcuate and interlobular veins, which drain the cortex. The 
vasa recta from the inner medulla ascend within the vascular bundles, 
whereas most vasa recta from the inner stripe ascend between the 
bundles. (C, cortex; OM, outer medulla; OS, outer stripe; IS, inner 
stripe; IM, inner medulla) Modified with permission from: 

Kriz W, Kaissling B. Structural organization of the mammalian kidney. 
In: Seldin DW, Giebisch D, eds. The Kidney: Physiology and 
Pathophysiology . 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 
2000:587a€“654. 
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Figure 34.100 The extensive cortical peritubular capillary network is 
shown by endothelial labeling with CD34 antibody. (CD34 
immunoperoxidase, original magnification A—120.) 


In the outer stripe of the outer medulla, the efferent arterioles of 
juxtamedullary nephrons divide to form the descending vasa recta that 
descend in the vascular bundles but at intervals leave the bundles to 


form capillary plexuses. The ascending (or venous) vasa recta drain 
the renal medulla. The ascending vasa recta from the inner medulla 
join the vascular bundles, whereas most from the inner stripe of the 
outer medulla ascend between the bundles (560 ). This architectural 
arrangement creates a functional separation of the blood flow to the 
outer and inner medulla. The close proximity of the arterial descending 
and venous ascending vasa recta within the vascular bundles permits 
effective countercurrent exchange (274 ,560 ). The ascending vasa 
recta at the corticomedullary junction empty into the arcuate and 
interlobular veins (Figure 34.98 ), which do form extensive 
anastomoses, in contrast to the arcuate arteries. 


Figure 34.101 Smooth muscle actin expression complements and 
parallels the CD34 expression in documenting the cortical peritubular 
capillaries. (Smooth muscle actin immunoperoxidase, original 
magnification A—120.) 


Figure 34.102 Smooth muscle actin immunoperoxidase of a superficial 
glomerulus delineating the more prominent smooth muscle investment 
of the afferent arteriole (right ) compared with the efferent arteriole 
(left ) (original magnification A—120). 


The interlobular veins, which accompany the interlobular arteries, drain 
the cortex and empty into the arcuate veins. In sections the intrarenal 
veins have less musculature than comparably sized veins in other 
organs (Figure 34.98 ). The arcuate veins empty into the interlobar 
veins, which converge to form a single renal vein that exits at the hilus 
of the kidney. 


Lymphatics 

The lymphatic vessels of the kidney are embedded in the loose 
periarterial connective tissue in the cortex (Figure 34.103 ) (576 ,577 
,578 ). They are not prominent on routine histologic sections. The 
lymphatics originate as small vessels around the interlobular arteries 
and empty into arcuate and interlobar lymphatics, which finally drain 
into larger lymph vessels at the renal hilus. The interlobar and hilar 
lymphatics possess valves. Lymphatics are not believed to exist in the 
renal medulla (560 ,578 ). There is a less prominent subcapsular 
network of lymphatic vessels that appears to communicate with the 
major intrarenal lymphatics within the cortex (578 ). It has been 


proposed that the periarterial spaces and the lymphatics may function 
as a unit to allow exchange with the venous system and serve as a 
route for the intrarenal distribution of hormones and inflammatory cells 
(579 ). Several markers of lymphatic endothelium are now available 
including: VEGFR-3 (receptor for VEGF-C, VEGF-D, lymphatic 
angiogenic factor), LYVE-1 (a CD44 homologous hyaluronate receptor), 
Prox-1 (lymphatic 
P.894 
P.895 
vessel transcription factor), and podoplanin (a membrane mucoprotein) 
(580 ). 
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Figure 34.103 The lymphatic vessels of the kidney. The arteries (red), 
veins (blue), and lymphatics (yellow) are illustrated. The lymphatics 


are primarily distributed in the cortex, although a subcapsular network 
is also present. Note the absence of the lymphatics in the medulla. 
Modified with permission from: 

Madsen KM, Tisher CC. Anatomy of the kidney. In: Brenner BM, ed. 
Brenner and Rector's The Kidney. 7th ed. Philadelphia: WB Saunders; 
2004: 3a€“72. 


Figure 34.104 S-100 immunoperoxidase stain demonstrating nerves 
extending along the afferent arteriole to the vascular pole of the 
glomerulus (original magnification A—62). 
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Figure 34.105 Phosphoneurofilament (pNF) immunoperoxidase stain 


showing a nerve between an artery (right ) and a vein (left ) (original 
magnification A—62). 


BO A aes w aT 

te ME 

A ee 

vva & 

FF a: "Y E pore 
a a 


Nae 
‘a 


ce 
qe ey es 
ae LESAN 
Figure 34.106 Two axons are demonstrated in this view of the 
vascular pole of a glomerulus (center ). One axon has a longitudinal 
profile (upper right ), and the other is observed in cross-section as a 
dot (arrow ). (pNF immunoperoxidase, original magnification A—300.) 


Nerves 


The kidney is innervated by adrenergic fibers mainly derived from the 
celiac plexus (581 ). The nerve fibers generally accompany the arteries 
and arterioles in the cortex and outer medulla (582 ). Staining for 
myelin by S-100 (Figure 34.104 ) or for peripheral axons with 
antibodies against phosphoneurofilament (pNF) (Figure 34.105 ) 
demonstrates the nerve fibers (583 ,584 ,585 ,586 ). There is 
prominent innervation of the juxtaglomerular apparatus (Figure 34.106 
) (587 ). The efferent arterioles and the descending vasa recta are 
accompanied by nerve fibers as long as they contain a surrounding 
smooth muscle layer (588 ). Although the direct relationship of nerve 
terminals to tubules is somewhat controversial, autoradiographic 
studies have provided evidence for monoaminergic innervation of 
cortical tubules (589 ,590 ). 
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Urinary Bladder, Ureter, and Renal 
Pelvis 


Victor E. Reuter 


Introduction 


The urinary bladder is an epithelial-lined muscular viscus that has 
the ability to distend and accommodate up to 400 to 500 mL of urine 
without a change in intraluminal pressure. In addition, it is able to 
initiate and sustain a contraction until the organ is empty. 
Interestingly, micturition may be initiated or inhibited voluntarily 
despite the involuntary nature of the organ. The ureters are 
epithelial lined muscular tubes designed to transport urine from the 
kidneys to the urinary bladder with the aid of peristalsis. The renal 
pelvis represents the expanded proximal end of the ureter and serves 
to collect the urine excreted from the kidney and to transport it to 
the ureter proper. 


Embryology 


The cloaca is divided by the urorectal septum into a dorsal rectum 
and a ventral urogenital sinus (1,2). It is this urogenital sinus that 
will give rise to the majority of the urinary bladder; it is aided by the 
caudal migration of the cloacal membrane, which will close the 


infraumbilical portion of the abdominal wall. The caudal portions of 
the mesonephric ducts become dilated and eventually fuse with the 
urogenital sinus in the midline dorsally, contributing to the formation 
of the bladder trigone. While these ducts contribute initially to the 
formation of the mucosa of the trigone, this is subsequently entirely 
replaced by endodermal epithelium of the urogenital sinus. The 
gradual absorption of the mesonephric ducts bring about the 
separate opening of the ureters into the urinary bladder in the area 
of the trigone. During embryologic development, the allantois 
regresses to completely form a thick, epithelial-lined tube, the 
urachus, which extends from the umbilicus to the apex (dome) of the 
bladder (1). Before or shortly after birth, the urachus involutes 
further becoming simply a fibrous cord. Pathologists commonly refer 
to this fibrous cord, which extends from the dome of the bladder to 
the umbilicus, as the urachal remnant, but it should be called the 
median umbilical ligament since a€ceurachal remnanta€* refers to 
remnants of the epithelial lining of the urachus that occasionally 
persist 

P.910 
within the median umbilical ligament (Figure 35.1). The epithelial 
lining of the urachus is urothelium, similar to that of the urinary 
bladder and ureter, but it frequently undergoes metaplastic change 
that is mostly of a glandular nature. 


Figure 35.1 Urachal remnants within the median umbilical 
ligament. 


The epithelium of the urinary bladder is endodermally derived from 
the cranial portion of the urogenital sinus in continuity with the 
allantois. The lamina propria, the muscularis propria, and the 
adventitia develop from the adjacent splanchnic mesenchyme. These 
facts are important in understanding the histogenesis and 
nomenclature of lesions arising from the epithelial surface, as well as 
the bladder wall. For example, glandular features within benign 
(cystitis glandularis, nephrogenic adenoma) and malignant 
(adenocarcinoma) urothelium is not due to mesodermal or 


mA“llerian rests within the trigone but come about through a 
process of metaplasia and are a reflection of histologic plasticity 
(multipotentiality) of the urothelium. Since the mesonephric ducts 
involute totally during embryologic development, it is wrong to refer 
to tumors with mixed epithelial and sarcomatoid features arising in 
the bladder epithelium as mesodermal mixed tumors. They are, in 
fact, a€oceendodermal mixeda€* tumors and are usually called 
sarcomatoid carcinomas (3). Very rarely, mA‘llerian rests may be 
identified in the wall of the bladder and ureters or in the surrounding 
soft tissues in the form of endometriosis, endocervicosis, or 
endosalpingiosis (so-called mAYallerianosis) (4,5,6,7) (Figure 35.2). 


The ureters develop by branching and elongation of the ureteric bud 
(metanephric diverticulum), which begins as a dorsal bud from the 
mesonephric duct (1,2). The stalk of the ureteric bud becomes the 
ureter, while the cranial end forms the renal pelvis, calyces, and 
collecting tubules. The epithelium of the ureter and renal pelvis, 
although histologically identical to that of the bladder, is of 
mesodermal derivation. 


Figure 35.2 Endometriosis involving the ureteral wall. This 
female patient presented with hematuria and was thought to 
have a primary ureteral neoplasm. Insert shows an endometriotic 
gland at higher magnification. 


Anatomic Considerations 


Bladder 


In the adult, the empty urinary bladder lies within the anteroinferior 
portion of the pelvis minor, inferior to the peritoneum. In infants and 
children, it is located in part within the abdomen, even when empty 


(8). It begins to enter the pelvis major at about 6 years of age and 
will not be found entirely within the pelvis minor until after puberty. 
Nevertheless, in adults, as the bladder fills it will distend and ascend 
into the abdomen, at which time it may reach the level of the 
umbilicus. 


The bladder lies relatively free within the fibrofatty tissues of the 
pelvis except in the area of the bladder neck, where it is firmly 
secured by the pubovesical ligaments in the female and the 
puboprostatic ligaments in the male (8,9). The relative freedom of 
the rest of the bladder permits expansion superiorly as the viscus 
fills with urine. 


The empty bladder in an adult has the shape of a four-sided inverted 
pyramid and is enveloped by the vesical fascia (8). The superior 
surface faces superiorly and is covered by the pelvic parietal 
peritoneum (Figures 35.3,35.4). The posterior surface, also known as 
the base of the bladder, faces posteriorly and inferiorly. It is 
separated from the rectum by the uterine cervix and the proximal 
portions of the vagina in females and by the seminal vesicles and the 
ampulla of the vasa deferentia in males. These posterior anatomic 
relationships are very important clinically. Since the majority of 
vesicle neoplasms arise in the posterior wall adjacent to the ureteral 
orifices, invasive tumor may extend into adjacent soft tissue and 
organs (Figure 35.5A). The intimate relationship to the previously 
mentioned organs explains why hysterectomy and partial 
vaginectomy are commonly performed at the time of radial 
cystectomy in 
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women. Similarly, we know that perivesical and seminal vesicle 
involvement is a bad prognostic sign in bladder carcinoma in males 
(10,11,12), a reflection of high pathologic stage. It is important to 
note that seminal vesicles may contain carcinoma without invasion, 
and this occurs in cases of in situ urothelial carcinoma involving 
prostatic and ejaculatory ducts and extending into the seminal 
vesicle epithelium. The latter is a rare occurrence, but these patients 


do not appear to have a similarly bad prognosis unless prostatic 
stromal invasion is present. The two inferolateral surfaces of the 
bladder face laterally, inferiorly, and anteriorly and are in contact 
with the fascia of the levator ani muscles. The most anterosuperior 
point of the bladder is known as the apex, and it is located at the 
point of contact of the superior surfaces and the two _ inferolateral 
surfaces. The apex (dome) marks the point of insertion of the median 
umbilical ligament and consequently is the area where urachal 
carcinomas are located (Figures 35.3,35.4). 


Figure 35.3 Anatomical relationships of the urinary bladder in 
males. 


Figure 35.4 Anatomical relationships of the urinary bladder in 
females. 


The trigone is a complex anatomic structure located at the base of 
the bladder and extending to the posterior bladder neck. In the 
proximal and lateral aspects of the trigone, the ureters enter into the 
bladder (ureteral orifices) obliquely. The muscle underlying the 
mucosa in this region is a combination of smooth muscle of the 
longitudinal layer of the intramural ureter and detrusor muscle 
(13,14,15,16,17). The intramural ureter is surrounded by a 
fibromuscular sheath (Waldeyer's sheath) that is fused into the 
ureteral muscle. This fibromuscular tissue fans out in the area of the 
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trigone and mixes with the detrusor muscle, thus fixing the 
intramural ureter to the bladder. As the bladder distends, the 
surrounding musculature exerts pressure on the obliquely oriented 
intramural ureter, producing closure of the ureteral lumen and thus 
avoiding reflux of urine. 


Figure 35.5 Bladder neck and distal trigone. A. The seminal 
vesicles are separated from the muscularis propria of the trigone 
by a scant amount of soft tissue. B. The muscularis propria 
merges with the prostate in the bladder neck area. The central 
(circular) fibers will predominate in this area and form the 
internal sphincter. The outer longitudinal layer contributes 
somewhat to the formation of the prostate musculature. 


The most distal portion of the bladder is called the bladder neck, and 
it is marked by the area where the posterior and the _ inferolateral 
walls converge and open into the urethra. In the male, the bladder 
neck merges with the prostate gland, and one may occasionally 
observe several prostatic ducts present in this area. It is important 
to recognize the existence of these ducts since their involvement by 
carcinoma should not be mistaken with invasive carcinoma. The 
bladder neck is formed with contributions from the trigonal 
musculature (inner longitudinal ureteral muscle and Waldeyer's 
sheath), the detrusor musculature, and the urethral musculature 
(13,14,15,16,17,18). The internal sphincter is located in this general 
area, with major contributions from the middle circular layer of the 
detrusor muscle (Figure 35.5B). 


The bladder bed (structures on which the bladder neck rests) is 


formed posteriorly by the rectum in males and vagina in females 
(Figures 35.3 and 35.4). Anteriorly and laterally it is formed by the 
internal obturator and levator ani muscles, as well as the pubic 
bones. These structures may be involved in advanced tumors 
occupying the anterior, lateral, or bladder neck regions and render 
the patient inoperable. 


The main arterial blood supply of the bladder comes from the inferior 
vesical arteries that branch from the internal iliacs (19,20). The 
umbilical arteries and its branches (the superior vesical arteries) also 
supply the bladder, as do the obturator and inferior gluteal arteries 
and, in females, the uterine and vaginal arteries. The veins of the 
urinary bladder drain into the internal iliac veins and form the vesical 
venous plexus. In the male, this plexus envelops the bladder base, 
prostate, and seminal vesicles and connects with the prostatic 
venous plexus. In females, it covers the bladder neck and urethra 
and communicates with the vaginal plexus. Lymphatic drainage is 
through the external and internal lymph nodes although drainage of 
portions of the bladder neck region may be through the sacral or 
common iliac nodes. 


The urinary bladder is supplied by both sympathetic and 
parasympathetic nerves, which form the vesical nerve plexus 
(19,20). The former are derived from T11 through L2 nerves and play 
no role in micturition. On the other hand, the parasympathetic 
nerves come from S2 through Sq and travel to the bladder via the 
pelvic nerve and inferior hypogastric plexus. These nerves are 
important to micturition since they contract the fibers of the 
muscularis propria, which in turn produces traction upon the bladder 
neck and opens the internal sphincter of the bladder. In fact, it is 
believed that micturition is initiated by voluntary relaxation of the 
perineal muscles and the striated muscle of the external sphincter 
located along the urethra. This action decreases urethral resistance 
and triggers contraction of the smooth muscle of the trigone and 
remaining bladder, closing the ureteral orifices and increasing the 
hydrostatic pressure within the viscus (9,21). These facts account for 


the difficulty in starting micturition while whistling. The bladder also 
contains sensory nerves that travel along the pelvic and hypogastric 
nerves and account for the sensation of pain as the bladder becomes 
too distended. 


Ureters 


The ureters measure approximately 30.0 cm in length, equally 
divided between the abdomen (retroperitoneum) and pelvis 
(22,23,24,25,26,27). The abdominal ureter takes a vertical course 
downward and medially on the anterior surface of the psoas muscle, 
covered by adventitia that is in fact an extension of Gerota's fascia. 
The pelvic ureter can be subdivided into a longer parietal and a 
shorter intravesical portion. The parietal portion is intimately related 
to the peritoneum. It descends posterolaterally; and, as it 
approaches the bladder base, it becomes medially directed to reach 
the urinary bladder. The ureters enter the base of the bladder 
obliquely and empty into the bladder at the ureteral orifices. The 
distal parietal portion and the intravesical segments are enveloped in 
a fibromuscular sheath (Waldeyer's sheath), which aids in fixing the 
ureter to the bladder (see description of the trigone). 


The ureteral blood supply is quite diverse (19,22). Depending on the 
anatomic level, it receives blood from branches of the renal, 
abdominal aortic, gonadal, hypogastric, vesical, and uterine arteries, 
which form a richly intercommunicating plexus of vessels surrounding 
the tube. Venous drainage is variable but tends to follow a pattern 
similar to the arterial distribution. Lymphatic drainage is also quite 
complex. The upper portions drain into the lateral aortic lymph 
nodes, the middle portion drains into the common iliac lymph nodes, 
and the inferior portion drains into either the common, external, or 
internal iliac lymph nodes. 


Renal Pelvis 


As previously mentioned, the renal pelvis has its origin in the cranial 
portion of the ureteric bud, together with the calyces and collecting 
ducts. The renal pelvis lies primarily within the renal hilum, a space 
formed medially when one draws a vertical plane through the medial 
aspects of the upper and lower poles of the kidney (Figure 35.6). 
Within the hilum is the renal sinus, a space within the medial and 
antral portion of the kidney occupied by the renal pelvis, renal 
vessels and nerves, renal calyces, and fat. The fibrous capsule that 
lines the kidney passes over the lips of the hilum and lines the renal 
sinus, becoming continuous with the renal calyces. Within the renal 
sinus, the renal pelvis divides into two and rarely three major 
calyces, which in turn divide into 7 to 14 minor calyces. Urine from 
the distal collecting ducts within the renal 
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medulla (ducts of Bellini) flows into the minor calyces at the tips of 
the renal papillae (area cribrosa) (Figures 35.6 and 35.7). The blood 
supply of the renal pelvis comes from branches of the renal arteries, 
and the venous drainage follows a similar distribution. Its lymphatic 
drainage is into the renal hilar lymph nodes. 
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Figure 35.6 Anatomical relationships of the renal pelvis. Notice 
that the pelvis is mostly within the renal hilum (medial shaded 
area) and the renal sinus. 


Microscopic Anatomy 


The urinary bladder, ureter, and renal pelvis for the most part have a 
similar anatomic composition, the innermost layer being an epithelial 
lining and, extending outward, a lamina propria, smooth muscle 
(muscularis propria), and adventitia. The superior surface of the 
bladder comes in contact with parietal peritoneum and hence has a 
serosa. The anatomic landmarks are used clinically and pathologically 
to stage patients with urothelial cancer in order to choose therapy 
and estimate survival (Figure 35.8). For this reason, it is important 
to accurately identify them microscopically. 


Figure 35.7 Renal papilla. Distal collecting ducts open into the 
urothelium covering the papillae. 
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Figure 35.8 Pathologic staging of bladder cancer. This 
classification follows the recommendations of the American Joint 
Committee on Cancer (AJCC). In addition, prostatic stromal 
invasion is considered stage pTa. 


Urothelium 


The urinary bladder, ureters, and renal pelvis are lined by so-called 
transitional epithelium. This name was coined because its histologic 
appearance was transitional between nonkeratinizing squamous and 
pseudostratified columnar. Many histologists and pathologists have 
Suggested urothelium as a more appropriate term. 


The thickness of the urothelium will vary according to the degree of 
distension and anatomical location. It may be only two or three cell 
layers thick along the minor calyces. In the contracted bladder, it is 
usually six to seven cells thick and in the ureter three to five cells 
thick. One can identify three regions: the superficial cells that are in 
contact with the urinary space, the intermediate cells, and the basal 
cells that lie on a basement membrane (28,29) (Figure 35.9). In the 
distended bladder, the urothelium 
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may be only two to three cells thick and flattened with their long axis 
horizontal to the basement membrane. In practice, the thickness of 
the urothelium is dependent not only in the degree of distension but 
also on the plane on which the tissue is cut. If the cut is tangential to 
the basement membrane, it is possible to generate an artificially 
thick mucosa. For these and other reasons, we feel that urothelial 
thickness is of marginal or no utility in the assessment of urothelial 
neoplasms. 


Figure 35.9 Normal urothelium. The mucosa may be up to seven 
cells thick in the bladder, but thickness will vary as a 
consequence of distension and other factors. The superficial 
(umbrella) cells have ample eosinophilic cytoplasm. 


Figure 35.10 Urine cytology preparation stained with 


monoclonal antibody CD-15. A large, binucleated umbrella cell 
expresses the antigen identified by this antibody, while other 
normal urothelial cells do not. 


Superficial cells are in contact with the urinary space. They are large, 
elliptical cells that lie umbrella-like over the smaller intermediate 
cells (28,29,30,31). They may be binucleated and have abundant 
eosinophilic cytoplasm (Figure 35.10). In the distended bladder, they 
become flattened and barely discernible. While the presence of these 
cells is taken as a sign of normalcy of the urothelium, one must be 
aware that they may become detached due to superficial erosion 
during instrumentation or tissue processing in the prosecting area. 
Conversely, it is possible to see umbrella cells overlying frank 
carcinoma. In summary, the presence or absence of superficial cells 
cannot be used as a determining factor of malignancy. 


Ultrastructural studies have shown the superficial urothelial cells to 
be quite unique. The luminal surface is lined by a cytoplasmic 
membrane that is three layers thick, having two electron-dense 
layers and a central lucent layer (Figure 35.11A). The two dense 
layers are said to be unequal thickness; for this reason, the 
membrane is known as the asymmetric unit membrane (AUM) 
(30,31,32,33,34). In reality, while the trilaminar arrangement of the 
cytoplasmic membrane can be readily observed, it is difficult to see 
the asymmetry of the dense layers. The membrane contains frequent 
invaginations, giving it a scalloped 
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appearance. The superficial (luminal) cytoplasm contains vesicles 
that are also lined by AUM (Figure 35.11B). During the process of 
distention, these invaginations and vesicles are incorporated into the 
surface membrane, thus increasing the surface area and maintaining 
the structural integrity of the urothelium. 


Figure 35.11 Ultrastructure of the urothelium. A. Detail of the 
luminal surface of a urothelial cell from a 1-year-old infant. The 
trilaminar cell membrane does not appear to be asymmetric 
(A—136,000). B. Vesicles communicating with the apical/lateral 
surface of a urothelial cell (A—54,000). 


The intermediate cell layer may be up to five cells thick in the 
contracted bladder, where they are oriented with the long axis 
perpendicular to the basement membrane. The nuclei are oval and 
have finely stippled chromatin with absent or minute nucleoli. There 
is ample cytoplasm, which may be vacuolated. The cytoplasmic 
membranes are distinct, and these cells are attached to each other 
by desmosomes. In the distended state, this layer may be 
inconspicuous or only one cell thick and flattened. The basal layer is 
composed of cuboidal cells that are evident only in the contracted 
bladder and which lie on a thin but continuous basement membrane 
composed of a lamina lucida, lamina densa, and anchoring fibrils 


(35). All normal urothelial cells may contain glycogen, but only the 
Superficial cells are occasional mucicarminophilic. 


Urothelial Variants and Benign 
Urothelial Proliferations 


While the above microscopic and ultrastructural features describe 
normal urothelium, we know there are many benign morphologic 
variants. Koss studied 100 grossly normal bladders obtained 
postmortem (36). Of these, 93% had Brunn's nests, cystitis cystica, 
or squamous metaplasia. 


The most common urothelial variant is the formation of Brunn's 
nests, which represent invaginations of the surface urothelium into 
the underlying lamina propria (Figure 35.12). In some cases these 
solid nests of benign-appearing urothelium may lose continuity with 
the surface. They become cystic due to accumulation of cellular 
debris or mucin, and the term cystitis cystica has been coined to 
describe this phenomenon. The lining epithelium of these small cysts 
is composed of one or several layers of flattened transitional or 
cuboidal epithelium. In some cases, the epithelial lining undergoes 
glandular metaplasia, giving rise to what is called cystitis glandularis 
(Figure 35.12). The cells become cuboidal or columnar and mucin 
secreting; some are transformed into goblet cells. These processes 
also occur in the renal pelvis and ureter, where they are called 
pyelitis or ureteritis cystica (or glandularis), respectively (Figure 
35.13). 


Brunn's nests, cystitis cystica, and cystitis glandularis represent a 

continuum of proliferative or reactive changes seen along the entire 
urothelial tract, and it is common to see all three in the same tissue 
sample (Figure 35.12). Most investigators believe that they occur as 
a result of local inflammatory insult (36,37,38). Nevertheless, these 
proliferative changes are seen in the urothelium of patients with no 
evidence of local inflammation, so that it is possible that they also 


represent either normal histologic variants or the residual effects of 
old inflammatory processes (39,40). The high incidence of these 
proliferative changes in normal bladder suggests that they are not 
likely to be premalignant changes and that there is no cause-and- 
effect relationship between their presence and the appearance of 
bladder cancer. It is true that one or all of these changes are 
commonly present in biopsy specimens containing bladder cancer; 
but, the coexistence may be coincidental, or the cancer itself may be 
producing the local inflammatory insult that causes them. The fact 
that exceptional cases may occur in which carcinoma clearly arises 
within the epithelium of these reactive lesions does not alter this 
argument (41,42). 


Figure 35.12 Bladder urothelium exhibiting proliferative 
changes, including Brunn's nests and cystitis glandularis. 


Metaplasia refers to a change in morphology of one cell type into 
another that is considered aberrant for that location. Urothelium 
frequently undergoes either squamous or glandular metaplasia, 
presumably as a response to chronic inflammatory stimuli such as 
urinary tract infection, calculi, diverticula, or frequent catheterization 


Figure 35.13 Brunn's nests involving a ureter. Notice that the 
nests are more numerous and irregularly oriented compared to 
what is commonly seen in the bladder. 


Figure 35.14 Squamous epithelium in the trigone of a woman. 
In this setting squamous epithelium is so common that it is 
considered to be a normal urothelial variant. 
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Squamous epithelium in the area of the trigone is a common finding 
in women. It is characterized by abundant intracytoplasmic glycogen 
and lack of keratinization, making it histologically similar to vaginal 
or cervical squamous epithelium (Figure 35.14). In this particular 
setting, most of us believe that squamous epithelium should be 
regarded as a variant of urothelium rather than metaplasia. 
Squamous metaplasia may occur at other sites and at times may 
undergo keratinization and even exhibit parakeratosis and a granular 
layer. Squamous metaplasia is not preneoplastic per se, but patients 
with keratinizing Squamous metaplasia must be monitored closely 
since some may progress to squamous carcinoma (43). 


The most common site of glandular metaplasia of the urothelium is 
the bladder, in the form of cystitis glandularis. Nevertheless, it may 
also occur within surface urothelium elsewhere in the urinary tract, 
usually as a response to chronic inflammation or irritation and also in 
cases of bladder exstrophy (44,45). The epithelium is composed of 


tall columnar cells with mucin-secreting goblet cells (Figure 35.15), 
Strikingly similar to colonic or small intestinal epithelium in which 
one might identify even Paneth's cells. In this setting, we should use 
the term intestinal metaplasia. As with squamous metaplasia, 
glandular metaplasia is not of itself a precancerous lesion but may 
eventually undergo neoplastic transformation in exceptional cases 
(45). Patients should be monitored accordingly. 


So-called nephrogenic adenoma is a distinct metaplastic lesion 
characterized by aggregates of cuboidal or hobnail cells with clear or 
eosinophilic cytoplasm and small discrete nuclei without prominent 
nucleoli (46). These cells line thin papillary fronds on the surface or 
form tubular structures within the lamina propria of the bladder 
(Figure 35.16). The tubules are often surrounded by a thickened and 
hyalinized basement membrane. Variable numbers of acute and 
chronic inflammatory cells are commonplace within the bladder wall. 


Figure 35.15 Intestinal metaplasia. The individual cells are 
morphologically identical to intestinal-type epithelium, even at 
the electron microscopic level. 


Nephrogenic adenoma is thought to be secondary to an_ inflammatory 


insult or local injury (46,47,48,49,50). It was originally described in 
the trigone and given its name because it was thought to arise from 
mesonephric rests. We now know that nephrogenic adenoma may 
occur anywhere in the urothelial tract, although it is most common in 
the bladder. It is important in that it may present as an exophytic 
mass mimicking carcinoma grossly and suggesting adenocarcinoma 
microscopically. The benign histologic appearance of the cells 
arranged in characteristic tubules surrounded by a prominent 
basement membrane should provide the correct diagnosis. A very 
interesting publication described nephrogenic adenomas of the 
bladder in patients who underwent renal transplantation (51). The 
authors demonstrated the adenomatous lesions and the donor 
kidneys were clonal, suggesting that they developed through a 
process of shedding of donor renal tubule cells followed by 
implantation and proliferation within 
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the bladder. While this is interesting, it is certainly not the usual 
mechanism by which they develop. 


Figure 35.16 Nephrogenic adenoma. This proliferative urothelial 
lesion is characterized by aggregates of cuboidal cells with scant 
eosinophilic cytoplasm forming small tubules within the lamina 


propria. It may exhibit an exophytic, papillary growth. 


Figure 35.17 Inverted papilloma. This proliferative urothelial 
lesion is characterized by invaginated cords and nests of 
transitional epithelium within the lamina propria. 


Inverted papillomas are relatively rare lesions that may occur 
anywhere along the urothelial tract and may be confused clinically 
and pathologically with transitional-cell carcinoma (52,53). In order 
of decreasing frequency, they occur in the bladder, renal pelvis, 
ureter, and urethra (54,55,56,57,58,59,60). Patients usually present 
with hematuria. Cystoscopically, the lesions are polypoid and either 
sessile or pedunculated. The mucosal surface is smooth or nodular 
and without villous or papillary fronds. Microscopically, the surface 
epithelium is compressed but otherwise unremarkable. It is 
undermined by invaginated cords and nests of transitional epithelium 
that occupy the lamina propria (Figure 35.17). The accumulation of 
these endophytic growths gives the lesion its characteristic polypoid 
gross appearance. The urothelial cells forming the cords are benign, 
exhibiting normal maturation and few mitoses. They are similar to 


the cells of bladder papillomas, differing only in that the epithelial 
cords are endophytic and consequently more closely packed. 
Frequently the cells are oval or spindle-shaped. Epithelial nests may 
become centrally cystic, dilated, and even lined by cuboidal 
epithelium. 


These cords of transitional epithelium in the lamina propria represent 
invagination, not invasion. As such, there are no fibrous reactive 
changes within the stroma. Although mitotic figures can be seen, 
they are rare, regular, and located at or near the basal layer of the 
epithelium. Inverted papillomas are discrete lesions and do not 
exhibit an infiltrative border (54,55). One must be careful not to 
confuse a nested type of urothelial carcinoma infiltrating the lamina 
propria with an inverted papilloma. 


The etiology of inverted papilloma is unclear. Most investigators feel 
that, similar to other proliferative lesions such as Brunn's nests and 
cystitis cystica, they are a reactive, proliferative process secondary 
to a noxious insult. They are not premalignant, although in 
exceptional cases they have been associated with carcinoma 
(56,57,58). Given the rarity of this association, we consider it 
incidental. 


Lamina Propria 


The lamina propria lies between the mucosal basement membrane 
and the muscularis propria. It is composed of dense connective 
tissue containing a rich vascular network, lymphatic channels, 
sensory nerve endings, and a few elastic fibers (20,28,32). In the 
deeper aspects of the lamina propria, of the urinary bladder and 
ureter, the connective tissue is loose, allowing the formation of thick 
mucosal folds when the viscus is contracted (Figures 35.18,35.19). 
Its thickness varies with the degree of distention and is generally 
thinner in the areas of the trigone and bladder neck. In fact, in 
patients with urinary outflow obstruction (i.e., prostatic hyperplasia), 
the bladder neck may contain muscularis propria directly beneath the 


mucosa, with the lamina propria being virtually indiscernible (Figure 
35.5B). Lamina propria is also absent beneath the urothelium lining 

the renal papillae in the renal pelvis and is quite thin along the minor 
calyces (Figure 35.20). 


In the midportion of the lamina propria of the bladder lie 
intermediate-sized arteries and veins. Wisps of smooth muscle are 
commonly found in the lamina propria and usually are associated 
with these vessels (61,62) (Figures 35.21A and 35.21B). These 
fascicles of smooth muscle are not connected to the muscularis 
propria; they appear as isolated bundles but may form a 
discontinuous thin layer of muscle. The anatomic relationship of 
these fibers to the overlying urothelium can be severely disrupted by 
inflammation or prior therapeutic intervention when they may be 
seen juxtaposed to the basement membrane (Figure 35.21C). 
Uncommonly, these muscle fibers may present as a continuous layer 
of muscle within the lamina propria, thus forming a true muscularis 
mucosae (62). In evaluating surgical and 
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biopsy material, every effort should be made to distinguish these 
Superficial muscle fascicles from muscularis propria since a failure to 
do so will lead to errors in tumor staging and treatment. A 
pathologist should not sign out a biopsy as a€cetransitional cell 
carcinoma invading musclea€* because he/she is not giving useful 
information as to the depth of invasion. In fact, many urologists are 
unaware of the existence of a superficial muscle layer (muscularis 
mucosae) so that the above diagnosis will lead the urologist to treat 
the patient as a deeply invasive tumor (stage pT2 or greater) when in 
fact the patient has superficially invasive disease (stage p11). 
Occasionally one may encounter fat within the 
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lamina propria and muscularis (63) (Figure 35.22). At this time, it is 
unclear whether this is due to the patient's body habitus, but its 
presence should not be misinterpreted by pathologists as evidence of 
perivesical fat. 


Figure 35.18 Lamina propria. It is composed of connective 
tissue, vascular structures, sensory nerves, and elastic fibers. 
Notice that the superficial connective tissue is denser than the 
deep portion. 


Figure 35.19 Cross section of mid-ureter. The elastic fibers and 
loose connective tissue within the lamina propria impart a 
festooned appearance to the urothelium. Notice that the different 


layers of the muscularis propria are indiscernible. 


Figure 35.20 Junction of the renal papilla with the minor calyx. 
Notice the absence of the lamina propria along the papilla and a 
very thin lamina propria and muscularis propria along the minor 
Calyx. 


Figure 35.21 Lamina propria of the urinary bladder. A. and B. 
Discontinuous smooth muscle fascicles are adjacent to 
intermediate size vessels within the lamina propria (antia€“actin 
monoclonal antibody). C. Disorganized wisps of superficial 
smooth muscle lie directly beneath the urothelium at the site of a 
prior biopsy. (Transurethral resection biopsy [TURB] specimen.) 


Figure 35.22 Mature adipose tissue within the lamina propria of 
the urinary bladder. 


Pathologists are surprised to learn that, in terms of prognosis and 
treatment, urologists and urologic oncologists lump noninvasive (Ta) 
and superficially invasive (T1) into a single category. It is my opinion 
that this is due greatly to the fact that we, as pathologists, do not 
agree as to what constitutes lamina propria invasion. There are many 
cases of pTı disease that are unequivocal, but there are an equal 
number in which invasion is, at best, questionable. Pathologists' 
interpretation in the latter group is inconsistent and not reproducible. 
While this confusion is partly due to the lack of orientation of 
transurethral biopsy specimens and to disruption of the normal 
histologic architecture by tumor or prior therapy, it is clear that 
better parameters are needed to make this distinction. 


Muscularis Propria 


The muscularis propria is said to be composed of three smooth 
muscle coats, inner and outer longitudinal layers, and a central 


circular layer. In fact, these layers can only be identified consistently 
in the area of the bladder neck. In other areas, the longitudinal and 
circular layers mix freely and have no definite orientation. In the 
ureter, the muscularis propria is thicker distally, and the proximal 
portion contains only two layers (64). In the renal pelvis, the 
muscularis propria becomes thinner along the major and minor 
calyces, and no orientation of the muscle fibers is evident. No 
muscular fibers are evident between the urothelium and the renal 
medulla at the level of the renal papillae (Figures 35.7, 35.20). 
Within the renal sinus, the muscularis propria is surrounded by 
variable amounts of fat (Figures 35.6, 35.23). This fact is rarely 
mentioned by pathologists at the time of evaluating urothelial tumors 
arising in the renal pelvis. Many cases are signed out as â€œinvading 
renal hilar fata€* or a€oeinvading perirenal fat,a€* when in fact the 
invasion is solely into the fat within the renal sinus. The significance 
of this finding remains to be determined (65). 


In the contracted bladder, the muscle fibers are arranged in 
relatively coarse bundles that are separated from each other by 
moderate to abundant connective tissue containing blood vessels, 
lymphatics, and nerves. Mature adipose tissue may also be present. 
Very infrequently, one may see nests of paraganglia, usually 
associated with neural or vascular structures (Figure 35.24A). The 
cells are arranged in discrete nests or cords and have clear or 
granular cytoplasm with round or vesicular nuclei. They should not be 
confused with invasive carcinoma. Immunohistochemical stains for 
cytokeratins are negative but for chromogranin are positive (Figure 
35.24B). 


Similar to other layers, the thickness of the muscularis propria will 
vary from patient to patient, with age, and with the degree of 
distention (Figures 35.25Aa€“B). In fact, Jequier and Rousseau (66) 
performed sonographic measurements of the bladder wall thickness 
in 410 urologically normal children and 10 adults. They found that 
the bladder wall thickness varied mostly with the state of bladder 
filling and only minimally with age and gender. The bladder wall had 


a mean thickness of 2.76 mm when empty and 1.55 mm when 
distended. 


For staging purposes, the muscularis propria has been divided into 
two segments, superficial and deep (T2a and T2b, respectively) 
(Figure 35.8). No anatomical landmarks can be used to make this 
distinction so it must be done by direct visualization on the light 
microscope. Prior transurethral resection will alter the anatomy of 
the site and mask normal landmarks, making proper staging 
difficulta€”if not impossible. 


Bladder diverticula are relatively common, yet their etiology remains 
controversial. Most investigators agree that they occur secondary to 
increased intravesical pressure as a 
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result of obstruction distal to the diverticulum (67,68,69). The 
obstruction brings about compensatory muscle hypertrophy and 
eventual mucosal herniation in areas of weakness. Others feel that at 
least some diverticula are a consequence of congenital defects in the 
bladder musculature, citing as evidence cases of diverticula in young 
patients without evidence of obstruction (69,70). The most common 
sites of diverticula are (a) adjacent to the ureteral orifices, (b) the 
bladder dome (probably related to an urachal remnant), and (c) the 
region of the internal urethral orifice. Grossly, one sees distortion of 
the external surface of the bladder. The diverticula may be widely 
patent but are usually narrow in symptomatic patients. The mucosa 
adjoining the diverticulum is usually hyperemic or ulcerated. There 
may be epithelial hyperplasia and hypertrophy of the muscularis 
propria. Very commonly, there is inflammation involving the lamina 
propria and muscularis. The wall of the diverticulum itself consists of 
urothelium and underlying connective tissue, similar to the bladder 
mucosa with lamina propria (Figure 35.26). Few, if any, muscle 
fascicles of the muscularis propia will be identified in the majority of 
cases of acquired diverticula, although muscularis mucosae may be 
present. The true a€cecongenitala€* diverticulum contains a thinned 
outer muscle layer. Infrequently, the epithelium lining the sac will 


undergo squamous or glandular metaplasia due to local irritation 
associated with urine stasis, infection, or stone. In these cases, it is 
not unusual for the diverticular wall to become extensively fibrotic. 


Figure 35.23 Urothelial wall along the minor calices. Thin layers 
of lamina propria and muscularis propria are surrounded by fat 
within the renal sinus. 


Figure 35.24 Nests of paraganglia within the bladder wall. A. 
The cells are small, have vesicular nuclei and clear cytoplasm, 


and are seen adjacent to neural or vascular structures. They 
should not be confused with invasive carcinoma. B. Immunostain 
for chromogranin A can clarify the issue. 


Figure 35.25 Full thickness section of the bladder. A. Notice the 
irregular thickness of the lamina propria. The three layers of 
muscle comprising the muscularis propria cannot be clearly 
defined. In contradistinction to the muscularis propria of the gut, 
there are ample amounts of soft tissue between muscle bundles 
in the bladder. B. Cross section of distended bladder. The overall 
thickness of the viscus is diminished as compared to the 
contracted bladder. Both the lamina propria and muscularis 
propria become more compact. 
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Figure 35.26 Bladder diverticulum. To the left is inflamed but 
anatomically normal bladder wall, while in the center and to the 
right one sees total absence of the muscularis propria. 
Perivesical soft tissue comes in contact with the inflamed, 
fibrotic, and thickened lamina propria. 


Major complications of bladder diverticula include infection, lithiasis, 
and carcinoma. It is believed that 2 to 7% of patients with bladder 
diverticula will develop an associated neoplasm, presumed secondary 
to the chronic inflammatory stimuli mentioned above (71,72). 
Ureteral diverticula are rare and are asymptomatic if uncomplicated 
(73). They are not seen in the renal pelvis. 
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Prostate 


John E. McNeal 


Embryology and Development of the 
Prostate 


The prostate appears in early embryonic development as a 
condensation of mesenchyme along the course of the pelvic 
urethra. By 9 weeks of embryonic life, a number of features that 
are characteristic of adult contour and location are evident (Figure 
36.1). The mesenchymal condensation is most dense along the 
posterior (rectal) aspect of the urethra and distal (apical) to its 
midpoint. This is the only region where highly condensed 
mesenchyme is in immediate contact with urethral lining 
epithelium, and only here is the urethra lined by a tall columnar 
epithelium (1). Between its midpoint and the bladder neck, the 
proximal urethral segment shows a sharp anterior angulation. 
However, the strip of highly condensed mesenchyme continues 
directly proximally to a dome-shaped base, leaving a gap between 
condensed prostatic mesenchyme and proximal urethra. 


The ejaculatory ducts penetrate the mesenchyme toward the 
future verumontanum, which is located at the urethral midpoint. 
This is wolffian duct tissue, but its stroma is indistinguishable from 
the remaining prostatic mesenchyme, which is mainly derived from 


the urogenital sinus (2). However, that portion of the mesenchyme 
that surrounds the ejaculatory ducts and expands proximally to 
occupy nearly the entire prostate base is distinguishable in the 
adult as the central zone, which is probably also derived from the 
wolffian duct, as are the seminal vesicles (1). In this concept, the 
prostate is of dual embryonic derivation. 


At about 10 weeks, epithelial buds begin to branch, mainly 
posteriorly and laterally from the posterior and lateral walls of the 
distal urethral segment into the condensed mesenchyme. Recent 
computer reconstructions of serially sectioned specimens have 
shown that the branching pattern that is established initially is 
identical to that described for the adult later in this chapter (3). 


This developmental program is activated by androgen secreted by 
the fetal testes. However, the eventual size of the neonatal 
prostatea€”less than 1 cm in diametera€”is predetermined by the 
stroma aS a programmed number of stromal cell divisions, after 
which the stroma ceases to have further inductive influence on the 
branching duct system. 


Figure 36.1 Embryonic prostate, age 9 weeks, in the sagittal 
plane of the pelvis. Urethra (narrow central lumen) is 
angulated to the right at the midpoint, where the ejaculatory 
duct approaches from above left. A vertical strip of highly 
condensed prostate mesenchyme contacts the posterior 
urethral wall only distal to the ejaculatory ducts. The prostate 
is flanked by the rectum (left) and pubis (right). Duct buds 
have not yet formed. 


Postnatally the prostate grows at a slow rate, reaching less than 2 


cm in diameter by the time of puberty. During this period, the 
ducts and acini are lined by epithelium, which undergoes little 
change from the neonatal period. Gland spaces are lined by cells 
that are crowded with multilayered dark nuclei (Figure 36.2). 
There is a superficial resemblance to adult postinflammatory 
atrophy, but the histologic features are quite different. 
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The pubertal growth acceleration and maturation of the prostate 
gland appears not to be complete until at least 20 years of age. 
The average prostate by this time measures about 4.5 cm in 

width, 3.5 to 4.0 cm in length, and 3 cm in thickness. In most men 
over 50 years of age, there is focal resumption of growth as 
benign nodular hyperplasia (BPH). This process increases the 
thickness of the gland prominently and affects its length the least; 
in massive BPH, however, the prostate becomes nearly spherical, 
with a diameter of 6 cm or more. Dissections show that BPH 
represents enlargement of only a single tiny region of the gland. 
In fact, the normal mass of the glandular portion of the prostate 
after subtraction of the BPH-prone region remains at nearly 
constant mean volume until 70 years of age or more. However, the 
range about the mean increases in men more than 50 years of 
age, suggesting that the normal non-BPH glandular prostate may 
continue enlarging into old age rather than undergoing atrophy. 


Figure 36.2 Prepubertal prostatic duct lined by epithelium 
with multiple layers of nuclei and showing no cytoplasmic 
differentiation. 


General Relationships: The Glandular 
Prostate 


The human prostate gland is a composite organ, made up of 
several glandular and nonglandular components. These different 
tissues are tightly fused together within a common capsule so that 
gross dissections are difficult and unreliable. Anatomic features 
are best demonstrated by examination of cut sections in carefully 
selected planes (4,5). The nonglandular tissue of the prostate is 
concentrated anteromedially and is responsible for much of the 
anterior convexity of the organ. The contour of the glandular 
prostate approximates a disk with lateral wings that fold anteriorly 
to partially encircle the nonglandular tissue. There are four distinct 
glandular regions, each of which arises from a different segment of 
the prostatic urethra. 


The urethra is a primary reference point for describing anatomic 
relationships. These relationships are best visualized in a sagittal 
plane of section (Figure 36.3). The prostatic urethra is divided into 
proximal and distal segments of approximately equal length by an 
abrupt anterior angulation of its posterior wall at the midpoint 
between the prostate apex and bladder neck (1,6). The angle of 
deviation is roughly 35 degrees, but it is quite variable and is 
greater in men with nodular hyperplasia. The base of the 
verumontanum protrudes from the posterior urethral wall at the 
point of angulation. The verumontanum bulges into the urethral 
lumen along its posterior wall for about half the length of the 
distal segment and tapers distally to form the crista urethralis. 
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Figure 36.3 Sagittal diagram of distal prostatic urethral 
segment (UD), proximal urethral segment (UP), and 
ejaculatory ducts (E) showing their relationships to a sagittal 
section of the anteromedial nonglandular tissues [bladder neck 
(bn), anterior fibromuscular stroma (fm), preprostatic 
sphincter (s), distal striated sphincter (s)]. These structures 
are shown in relation to a three-dimensional representation of 
the glandular prostate [central zone (CZ), peripheral zone 
(PZ), transition zone (TZ)]. Coronal plane (C) of Figure 36.4 
and oblique coronal plane (OC) of Figure 36.5 are indicated by 
arrows. 


The distal urethral segment receives the ejaculatory ducts and the 
ducts of about 95% of the glandular prostate; it is, therefore, the 
only segment that is primarily involved in ejaculatory function. The 
ejaculatory ducts extend proximally from the verumontanum to the 


base of the prostate, following a course that is nearly a direct 
extension of the long axis of the distal urethral segment, although 
usually offset a few millimeters posteriorly. 


A coronal plane of section along the course of the ejaculatory 
ducts and distal urethral segment provides the best demonstration 
of the anatomic relationships between the two major regions of 
the glandular prostate (7) (Figure 36.4). The peripheral zone 
comprises about 65% of the mass of the normal glandular 
prostate. Its ducts exit from the posterolateral recesses of the 
urethral wall along a double row extending from the base of the 
verumontanum to the prostate apex. The ducts extend mainly 
laterally in the coronal plane, with major branches that curve 
anteriorly and minor branches that curve posteriorly (Figure 36.4). 
The central zone comprises about 30% of the glandular prostate 
mass. Its ducts arise in a small focus on the convexity of the 
verumontanum and immediately surrounding the ejaculatory duct 
orifices. The ducts branch directly toward the base of the prostate 
along the course of the ejaculatory ducts, fanning out mainly in 
the coronal plane to form a conical structure that is flattened in 
the anteroposterior dimension. The base of the cone comprises 
almost the entire base of the prostate. The most lateral central 
zone ducts run parallel to the most proximal peripheral zone 
ducts, separated only by a narrow band of stroma. 


Figure 36.4 Coronal section diagram of prostate showing 
location of central zone (CZ) and peripheral zone (PZ) in 
relation to the distal urethral segment (UD), verumontanum 
(V), and ejaculatory ducts (E). The branching pattern of 
prostatic ducts is indicated; subsidiary ducts provide uniform 
density of acini along entire main duct course. 


The proximal segment of the prostatic urethra is best visualized in 
an oblique coronal-plane section running along its long axis from 
the base of the verumontanum to the bladder neck (Figure 36.5). 
Normally, the proximal urethral segment is related to only about 
5% of the prostatic glandular tissue, and almost all of this is 
represented by the transition zone (8). This zone consists of two 
independent small lobes whose ducts leave the posterolateral 
recesses 
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of the urethral wall at a single point, just proximal to the point of 
urethral angulation and at the lower border of the preprostatic 
sphincter. The sphincter is a sleeve of smooth muscle fibers 


surrounding the proximal urethral segment (6,8) (Figure 36.6). 
The main ducts of the transition zone extend laterally around the 
distal border of the sphincter and curve sharply anteriorly, 
arborizing toward the bladder neck immediately external to the 
preprostatic sphincter. Main duct branches fan out laterally and 
ventrally toward the apex but not dorsally above the plane of the 
urethra. The most medial ducts and acini of the transition zone 
curve medially to penetrate into the sphincter (Figure 36.6). 


Figure 36.5 Oblique coronal section diagram of prostate 
showing location of peripheral zone (PZ) and transition zone 
(TZ) in relation to proximal urethral segment (UP), 
verumontanum (V), preprostatic sphincter (s), bladder neck 
(bn), anterior fibromuscular stroma (fm), and _ periurethral 
region with periurethral glands. Branching pattern of prostatic 
ducts is indicated: the medial transition zone ducts penetrate 
into the sphincter. 


Figure 36.6 Preprostatic sphincter in section transverse to 
long axis of proximal urethral segment. The sphincter is most 
compact dorsal to the urethra (below) and separates 
periurethral tissue (dark central area) from central zone 
glands (bottom, right, andleft). Laterally, transition zone 
glands are embedded in the sphincter. They show cystic 
change (right) and nodule formation (left). 


The periurethral gland region is only a fraction of the size of the 
transition zone. It consists of tiny ducts and abortive acinar 
systems scattered along the length of the proximal urethral 
segment and arborizing exclusively inside the confines of the 
preprostatic sphincter. These glands lie within the longitudinal 
periurethral smooth muscle stroma. 


The peripheral zone is the most susceptible region to inflammation 
(7) and is the site of origin of most carcinomas (9). Some cancers 
arise in the transition zone, and mosttumors found incidentally at 
transurethral resection (TUR) represent this site of origin (10,11). 


The transition zone and periurethral region are the exclusive sites 
of origin of BPH (8). Most cases consist almost entirely of 


transition zone enlargement, so-called lateral lobe hyperplasia. 
Benign nodular hyperplasia in the periurethral region seldom 
attains significant mass, except as the occasional midline dorsal 
nodule at the bladder neck that protrudes into the bladder lumen. 
The above anatomic descriptions have gained acceptance over the 
past 10 years, replacing a number of previous anatomic models 
that suffered from less accurate descriptions of morphologic detail 
(12,13). 


General Relationships: Nonglandular 
Tissue 


The nonglandular tissues of the prostate are the preprostatic 
sphincter, striated sphincter, anterior fibromuscular stroma, and 
prostatic capsule. The nerves and vascular supply are also 
included in this section. 


The preprostatic sphincter consists of precisely parallel, compact 
ring fibers forming a cylinder whose proximal end abuts against 
the detrusor muscle surrounding the urethra at the bladder neck. 
The coarsely interwoven, somewhat randomly arranged smooth 
muscle bundles of the detrusor contrast sharply with the uniform 
arrangement of the sphincter fibers, but there is no boundary 
between the two structures. 


The preprostatic sphincter is thought to function during ejaculation 
to prevent retrograde flow of seminal fluid from the distal urethral 
segment. It also may have resting tone that maintains closure of 
the proximal urethral segment (6). Dorsal to the urethra, the 
sphincter is compact, but laterally its fibers spread apart and 
mingle with the small ducts and acini of the medial transition zone 
(Figure 36.6) (8). Anterior and ventral to the urethra, its fibers do 
not form identifiable complete rings but blend with the tissue of 
the anterior fibromuscular stroma. The anterior fibromuscular 
stroma is an apron of tissue that extends downward from the 


bladder neck over the anteromedial surface of the prostate, 
narrowing to join the urethra at the prostate apex (8) (Figures 
36.3, 36.7). Its 
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lateral margins blend with the prostate capsule along the line 
where the capsule covers the most anteriorly projecting border of 
the peripheral zone (Figure 36.5). Its deep surface is in contact 
with the preprostatic sphincter and transition zone proximally and 
with the striated sphincter distally. It is composed of large 
compact bundles of smooth muscle cells that are similar to those 
of the bladder neck and blend with them at its proximal extent. 
The smooth muscle fibers are more random in orientation than 
those of the bladder neck, but they tend to be aligned more or less 
vertically. They are often separated by bands of dense fibrous 
tissue. 


Figure 36.7 Texture of anterior fibromuscular stroma in an 


area with little fibrous component. Muscle bundles are coarse 
and interwoven (trichrome stain). 


The anterior fibromuscular stroma is distinguished from the 
capsule of the prostate by its thickness, its coarse interwoven 
muscle bundles, and its rough external surface. Microscopically its 
external aspect shows interdigitation of the muscle bundles along 
its surface with the adipose tissue of the space of Retzius. 


Between the verumontanum and the prostate apex, there is a 
Striated sphincter of small, uniform, compactly arranged striated 
muscle fibers. It is best developed near the apex and is continuous 
with the external sphincter below the prostate apex (6,14). The 
sphincter is incomplete posterolaterally, where its semicircular 
fibers anchor into the anterior glandular tissue of the peripheral 
zone rather than encircling the posterior aspect of the urethra. Its 
degree of development and precise anatomic relationships are 
variable between prostates. Near the apex in some prostates, 
individual striated fibers may penetrate deeply into the glandular 
tissue of the peripheral zone. Consequently, most of the length of 
the prostatic urethra is provided with sphincteric muscle. The 
distal striated sphincter is incomplete posteriorly, and the proximal 
smooth muscle sphincter is probably incomplete anteriorly. 


The prostatic capsule envelopes most of the external surface of 
the prostate, and the terminal acini of the central zone and 
peripheral zone abut on the capsule. The terminal acini of the 
transition zone abut on the anterior fibromuscular stroma, and the 
periurethral glands never reach the prostate surface (8,11). At the 
prostate apex, there is a defect in the capsule anteriorly and 
anterolaterally. Here the most distal fibers of the anterior 
fibromuscular stroma and the striated sphincter together often 
mingle with the prostatic glandular tissue anterolateral to the 
urethra, and the relative extent of these three tissue components 
may vary considerably between prostates. Hence, if carcinoma at 


the prostate apex invades anteriorly, it may occasionally be 
difficult to determine whether it has invaded beyond the boundary 
of the gland. However, around most of the circumference of the 
apex, the capsule is complete up to the border of the periurethral 
stroma, where the urethra penetrates the prostate surface. Even 
with extensive BPH, a thin compressed rim of peripheral zone 
tissue enclosed by capsule usually still forms the apical prostate 
boundary except anterior and anterolateral to the urethra. 


Figure 36.8 The prostate capsule consists of a layer of mainly 
transverse smooth muscle bundles (red), which is of variable 
thickness and blends with periacinar smooth muscle bundles at 
the capsule's poorly defined inner aspect (left). Collagen fibers 
(blue) are always present and usually concentrated in a thin 
compact membrane at the external capsular border (right) 
(trichrome stain). 


The capsule of the prostate ideally consists of an inner layer of 
smooth muscle fibers, mainly oriented transversely, and an outer 
collagenous membrane. However, the relative and absolute 
amounts of fibrous and muscle tissue and their arrangement vary 
considerably from area to area (Figure 36.8) (15,16). At the inner 
capsular border, transverse smooth muscle blends with periacinar 
smooth muscle, and clear separation between them cannot be 
identified either microscopically or by gross dissection. The 
distance from terminal acinus to prostate surface is variable even 
between different regions within a single prostate, and the 
proportion and arrangement of collagenous tissue is inconstant 
except for the most superficial layer, which appears to form a thin 
continuous collagenous membrane over the prostate surface. 
Consequently, except for its external surface, the prostate capsule 
cannot be regarded as a well-defined anatomic structure with 
constant features. In contrast to the kidney, there is no inner 
membrane surface that can be stripped in evaluating capsule 
penetration by prostatic carcinoma; there are no reliable 
landmarks for determining the depth of capsule invasion. However, 
it has been proposed that only complete penetration with 
perforation through the capsule surface may be related to 
prognosis in prostatic carcinoma (16,17). Hence, penetration of 
cancer into the capsule without perforation is not of clinical 
importance. 
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Over the medial half of the posterior (rectal) surface of the 
prostate, the thickness of the capsule is increased by its fusion to 
Denonvilliers' fascia (Figures 36.9,36.10). This is a thin, compact 
collagenous membrane whose smooth posterior surface rests 
directly against the muscle of the rectal wall (18). The capsule is 
typically fused to the inner aspect of the fascia, obliterating any 
trace of its original surface except for occasional remnants of an 
interposed adipose layer that embryonically covered the anterior 
aspect of the fascia. In the adult, there remain only scattered 


microscopic islands of fat, usually forming a layer that is only one 
adipose cell thick. 


Smooth muscle fibers are found to a variable extent in 
Denonvilliers' fascia, but they usually course vertically, in contrast 
to the predominant transverse muscle fibers of the adherent 
capsule. In some prostates, the smooth muscle of Denonvilliers' 
fascia is gathered into a thick, flattened vertical band at the 
midline, where it easily may be mistaken in a radical 
prostatectomy specimen for muscle of the rectal wall. This is an 
important distinction because carcinoma invading such a 
longitudinal muscle bundle may still be confined within the 
prostate and should not be considered to have invaded the rectum. 
Wherever the capsule and fascia are fused, it is the surface of the 
fascia rather than the capsule surface that presents a barrier to 
the spread of carcinoma. 
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Figure 36.9 Distribution of nerve branches to the prostate, 
right posterolateral view. Nerves within the neurovascular 
bundle (NB) (red) branch to supply the prostate (brown) in a 
large superior pedicle (SP) at the prostate base and a small 
inferior pedicle (IP) at the prostate apex. Nerve branches 
(orange) leave the lateral pelvic fascia (not shown) to travel in 
Denonvilliers' fascia (DF), which has been cut away from the 
right half of the prostate. Nerve branches from the superior 
pedicle fan out over a large pedicle area. A small horizontal 
Subdivision (H-N) crosses the base to midline; a large vertical 
subdivision (V-N) fans out extensively over the prostate 
surface as far distally as midprostate. Branches continue their 
course within the prostate after penetration into the capsule 
within a large nerve penetration area (green). A small inferior 
pedicle has a limited ramification and nerve penetration area 
(green). (LPF, lateral pelvic fascia) 


Figure 36.10 Relationships of Denonvilliers' fascia (narrow 
red band) to sagittal plane of prostate (yellow and orange; 
right) and to rectal smooth muscle (brown; left). (CZ, central 
zone; PZ, peripheral zone; AFM, anterior fibromuscular fascia) 


Superiorly, Denonvilliers' fascia extends above the prostate to 
cover the posterior surface of the seminal vesicles, but it is only 
loosely adherent to them (Figure 36.9,36.10). Laterally, the fascia 
leaves the posterior capsule where the prostate surface begins to 
deviate anteriorly, and it continues in a coronal plane to anchor 
against the pelvic sidewalls. So the prostate and seminal vesicles 
are suspended along the anterior aspect of this fascial membrane 
as the uterus is suspended from the broad ligament in the female. 
This can be demonstrated in the radical prostatectomy specimen 
after surgery for carcinoma. If the specimen is picked up at the 
right and left superior margins, its posterior aspect is a smooth- 
surfaced triangular membrane whose apex coincides with the 
prostate apex and whose base is a transverse line above the 
seminal vesicles. Any surgical defect in the fascia potentially 
compromises the complete resection of the tumor because tears in 
the fascia tend to extend through the adherent capsule and into 
the gland. 


Where Denonvilliers' fascia separates from the prostate capsule 
posterolaterally, the space between them is filled with adipose 
tissue in a thick layer between the anterior aspect of the fascia 
and the posterolateral capsular surface of the prostate. The 
autonomic nerves, from the pelvic plexus 
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to the seminal vesicles, prostate, and corpora cavernosa of the 
penis, travel in this fatty layer. The nerves, along with the blood 
vessels to the prostate, originate from the paired neurovascular 
bundles that course vertically along the pelvic sidewalls just 
anterior to the junction of Denonvilliers' fascia with the pelvis 


(Figure 36.9) (19). Most of the nerve branches to the prostate 
leave the neurovascular bundle at a single level just above the 
prostate base and course medially as the superior pedicle. These 
nerve branches fan out to penetrate the superior pedicle insertion 
area of the capsule, which is centered at the lateral aspect of the 
prostate base posteriorly (19,20). The insertion area does not 
usually extend far onto the rectal surface but extends toward the 
prostate apex as far as the midprostate. Some nerve trunks travel 
medially across the prostate base, sending branches into the 
central zone, but the majority of nerve branches fan out distally 
and penetrate the capsule at an oblique angle. 


Most examples of capsule penetration by cancer represent tumor 
extension through the capsule along perineural spaces (20). 
Because of the oblique retrograde nerve pathway toward the 
prostate base, perforation though the full capsule thickness most 
commonly occurs near or even above the superior border of the 
cancer within the gland. Because of the boundaries of the superior 
pedicle insertion area plus the additional thickness of 
Denonvilliers' fascia overlying the capsule posteromedially, 
penetration of cancer directly through the rectal surface of the 
prostate iS uncommon. 


Before supplying the corpora cavernosa, nerve branches leave the 
neurovascular bundle at the prostate apex in the very small 
inferior pedicle and penetrate the capsule directly in a small apical 
insertion area located laterally and posterolaterally (20). Here the 
distance from neurovascular bundle to prostate capsule is 
narrowed to only a few millimeters. The prostate apex is the most 
common location for positive surgical margins at radical 
prostatectomy. This may result from capsule penetration along 
inferior pedicle nerves by cancers that are located near the apex, 
but it most commonly results from inadvertent surgical incision 
into the prostate. In this area, the surgeon is most concerned to 
stay close to the prostate capsule in order to spare the nerves 
involved in erectile function (21,22). 


Arterial branches follow the nerve branches from the 
neurovascular bundle; they spread over the prostate surface and 
penetrate the capsule to extend directly inward toward the distal 
urethral segment between the radiating duct systems of the 
central and peripheral zones (23,24). A major arterial branch 
enters the prostate at each side of the bladder neck and runs 
toward the verumontanum parallel to the course of the proximal 
urethral segment. It supplies the periurethral region and medial 
transition zone. Transurethral resection regularly obliterates this 
arterial branch and all the tissue supplied by it (23). 


Architectural Patterns of the Glandular 
Prostate 


The biologic role of the prostate calls for the slow accumulation 
and occasional rapid expulsion of small volumes of fluid. These 
requirements are optimally met by a muscular organ having a 
large storage capacity and low secretory capacity. In such an 
organ, the different morphology of ducts and acini found in organs 
of high secretory capacity, such as the pancreas, would appear to 
be of limited value. Accordingly, the prostatic ducts are 
morphologically identical to the acini except for their geometry, 
and both appear to function as distensible secretory reservoirs. 
Within each prostate zone, the entire ducta€“acinar system, 
except for the main ducts near the urethra, is lined by columnar 
secretory cells of identical appearance between ducts and acini. 
Immunohistochemical staining for prostate-specific antigen (PSA) 
and prostatic acid phosphatase (PAP) shows uniform granular 
staining of all ductal and acinar cells (Figure 36.11). In view of 
these considerations, there is probably no functional ducta€“acinar 
distinction in the prostate, and it is unlikely that there is any 
morphologic or biologic distinction between carcinomas of ductal 
versus acinar origin. 


Except for the main transition zone ducts, which terminate at the 
anterior fibromuscular stroma, the main ducts of the prostate 
originate at the urethra and terminate near the capsule (4,7,8) 
(Figures 36.4,36.5). Because ducts and acini within each zone 
have comparable caliber, spacing, 
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and histologic appearance, ducts, ductules, and acini cannot 
reliably be distinguished microscopically except in sections cut 
along the ductal long axis. Hence, abnormalities of architectural 
pattern are identified in routine sections mainly by deviations from 
normal size and spacing of glandular units. 


Figure 36.11 Ducts and acini of peripheral zone, 
immunostained with anti-PSA and showing uniform distribution 
of protein throughout the cytoplasm of all ducts and acini. 


Figure 36.12 Subsidiary duct and branches in peripheral 
zone, terminating in small rounded acini with undulating 
borders. Ducts and acini have similar calibers and histologic 
appearances. 


The main excretory duct orifices of the peripheral zone arise from 
the urethral wall about every 2 mm along a double lateral line 
extending the full 1.5 cm length of the distal urethral segment. A 
cluster of three or four subsidiary ducts arise about every 2 mm 
along the course of each main excretory duct from urethra to 
capsule. They branch at angles of about 15 degrees and extend 
only a short distance, rebranching and giving rise to groups of 
acini (Figure 36.12). Hence, acini tend to be distributed with 
nearly uniform density along the course of the main duct between 
urethra and capsule, except that no acini are found immediately 


adjacent to the urethra. Conversely, beneath the capsule all 
glands are acinar. The architecture in the transition zone is similar 
to the peripheral zone. However, there is more extensive 
arborization because the main ducts arise from the urethra in a 
small focus. 


The duct origins of the transition zone and periurethral glands 
from the proximal urethral segment represent a proximal 
continuation of the double lateral line of the peripheral zone duct 
origins along the distal urethral segment. However, periurethral 
ducts also originate anteriorly and posteriorly. This accounts for 
the presentation of periurethral gland BPH as a dorsal midline 
bladder neck mass, whereas the lateral locations of transition zone 
BPH masses reflect the constant location of their main ducts (8). 


In the peripheral zone and transition zone, ducts and acini are 
usually 0.15 to 0.3 mm in diameter and have simple rounded 
contours that are not perfectly circular because of prominent 
undulations of the epithelial border (5,7). The undulations mainly 
reflect the presence of corrugations of the wall, which presumably 
allow expansion of the lumina as secretory reservoirs. An 
important criterion for the diagnosis of many highly differentiated 
prostatic carcinomas is their tendency toward precisely round or 
oval glandular contours (25,26), reflecting a loss of reservoir 
function. 


Central zone ducts and acini are distinctively larger than those of 
the peripheral zone and transition zone and may be up to 0.6 mm 
in diameter or larger (Figure 36.13). Unlike the peripheral zone, 
both ducts and acini of the central zone become progressively 
larger toward the capsule at the prostate base, where they often 
exceed 1 mm in diameter. There is also a gradient of increasing 
density of acini toward the base. Both of these gradients reflect 
the great expansion of central zone cross-sectional area from a 
small focus on the verumontanum to almost the entire prostate 
base. Near the urethra, the central zone ducts have few branches 


and lack distinctive histologic features. Hence, they may not be 
recognizable in transverse planes of section near the base of the 
verumontanum. Acini are clustered into lobules around a central 
subsidiary duct, 
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which is distinguishable from the acini in cross section only by its 
central location. Ducts and acini are polygonal in contour. Many of 
the corrugations in their walls are exaggerated into distinctive 
intraluminal ridges with stromal cores, which partially subdivide 
acini. 


Figure 36.13 Subsidiary ducts and acini in the central zone 
form a compact lobule with flattened gland borders and 
prominent intraluminal ridges. 


Glandular subdivisions within a given duct branch in the central 


zone are separated by narrow bands of distinctively compact 
smooth muscle fibers, whereas broader bands separate different 
branches. The normal overall ratio of epithelium to stroma here 
(lumens excluded) is roughly 2:1. The epithelial to stromal ratio of 
the peripheral zone and transition zone is close to 1:1. In the 
peripheral zone, the more abundant stroma is loosely woven, with 
randomly arranged muscle bundles separated by indistinct spaces 
containing loose, finely fibrillar collagenous tissue. Between the 
glandular spaces in a given duct branch, stroma is as abundant as 
between different branches. 


There is an abrupt contrast in stromal morphology that delineates 
the boundary between central zone and peripheral zone and a 
similar contrast between peripheral zone and transition zone (11) 
(Figures 36.14,36.15,36.16). The transition zone stroma is 
composed of compact interlacing smooth muscle bundles (Figures 
36.14, 36.16). This stromal density contrasts sharply with the 
adjacent loose peripheral zone stroma, but it blends with the 
stromas of the preprostatic sphincter and anterior fibromuscular 
stroma. Stromal distinctions are less evident in older prostates 
and may be obliterated by disease (27,28). 


Figure 36.14 Border between the peripheral zone (above) and 
transition zone shows contrast in stromal texture and a band 
of smooth muscle at the zone boundary. Glandular histology is 
similar between zones. 


Figure 36.15 Peripheral zone acini set in loosely woven 
fibromuscular stroma. Secretory cells are more regular than in 
central zone, with smaller basal nuclei and pale cytoplasm. 
Basal cells are visible. 


Figure 36.16 Transition zone acini set in a compact stroma 
composed of interlacing, coarse, smooth muscle bundles. 
Acinar histology is identical to that in the peripheral zone. 
Basal cells are visible. 


Cytologic Features of the Glandular 
Prostate 


As with other glandular organs, the secretory cells throughout the 
prostate are separated from the basement membrane and stroma 
by a layer of basal cells. These cells are markedly elongated and 
flattened parallel to the basement membrane and have slender, 
filiform dark nuclei and usually little or no discernible cytoplasm 
(29) (Figures 36.15,36.16). They are typically quite 
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inconspicuous; and, in routine preparations, the basal cell 
envelope may appear incomplete or even absent around individual 
ducts or acini. However, immunohistochemical staining for basal 
cella€“specific keratin or for p63 antibody shows the envelope to 
be complete, even where no basal cells are identified with routine 
stains (30). These stains are consistently negative in the cells of 
invasive malignant glands (31) because basal cells are absent. 


Basal cells are not myoepithelial cells analogous to those of the 
breast because, by electron microscopy, they do not contain 
muscle filaments (29). Logically, myoepithelial cells would appear 
to be functionally superfluous in a muscular organ (29). Basal cells 
have been found to be the proliferative compartment of the 
prostate epithelium, normally dividing and maturing into secretory 
cells (32,33,34). Using immunostaining for proliferating cell 
nuclear antigen as a marker for cycling cells, roughly 1% of basal 
cells and 0.1% of secretory cells were labeled in each zone, and 
there was no difference between ducts and acini. Eighty-three 
percent of all labeled cells were basal cells, even though they 
comprised only 30% of the total epithelial cell population (34). 


In all zones of the prostate, the epithelium contains a small 
population of isolated, randomly scattered endocrinea€“paracrine 
cells (35) that are rich in serotonin-containing granules and 
contain neuron-specific enolase. Subpopulations of these cells also 
contain a variety of peptide hormones, such as somatostatin, 
calcitonin, and bombesin. They rest on the basal cell layer 
between secretory cells but do not typically appear to extend to 
the lumen or may send a narrow apical extension to the lumen. 
They often have laterally spreading dendritic processes. They are 
not reliably identifiable microscopically except with 
immunohistochemical and other special stains. Their specific role 
in prostate biology is unknown, but they presumably have 
paracrine function, perhaps in response to neural stimulation. Like 
similar cells in the lung and other organs, they occasionally give 
rise to small cell carcinomas, which do not contain PSA or PAP 


(36). Not infrequently, however, small cell carcinoma arises as a 
variant morphologic pattern within adenocarcinomas that 
elsewhere contain PSA and PAP; peptide hormones are found only 
in the small cell component (36). Hence, the status of these cells 
as an independent lineage is doubtful in the prostate. 


The secretory cells of the prostate contribute a wide variety of 
products to the seminal plasma. PSA and PAP are produced by the 
secretory cells of the ducts and acini of all zones. Pepsinogen II 
(37) and tissue plasminogen activator (38) are normally produced 
only in the ducts and acini of the central zone. Lactoferrin is also 
exclusively a secretory product of the central zone, except in areas 
of inflammation where both the cells and secretions anywhere in 
the prostate may produce this substance (39). Lectin staining for 
cell membrane carbohydrates also shows significant differences 
between the two zones (40). It has been suggested that the 
central zone may be specialized for the production of enzymes 
whose substrates are secreted by the peripheral zone (38), but 
probable substrates have not been identified. In fact, no secretory 
product has so far been identified that is produced exclusively by 
the peripheral zone or transition zone. 


The cytoplasm of the normal secretory cell in all zones is similar in 
appearance and is dominated by the universal abundance of 
uniform small clear secretory vacuoles. Vacuoles in peripheral 
zone and transition zone cytoplasm are packed at nearly maximum 
density (41), whereas, in the central zone, a more abundant dense 
cytoplasm is associated with a somewhat wider vacuole spacing 
and lower vacuole density. Because the secretory vacuoles appear 
empty by routine microscopy, peripheral zone and transition zone 
cells are pale to clear, and central zone cells are typically 
somewhat darker. 


However, the appearance of normal cell cytoplasm on tissue 
sections is strongly influenced by staining technique and by the 
type of fixative used. In the peripheral zone and transition zone, 


light hematoxylin and eosin (H&E) staining after formalin fixation 
shows that normal cells are a€ceclear cellsa€* in which a faint 
network of pale-staining cytoplasmic partitions between vacuoles 
can be visualized with careful scrutiny under high magnification 
(Figure 36.17). Only an occasional cell shows complete outlines 
that define numerous intact vacuoles, but immunostaining with 
PSA or PAP on the same tissue sharply outlines all the cytoplasmic 
vacuolar partitions and shows no evidence of protein within the 
vacuoles. Denser H&E staining not only darkens the partitions but 
also enhances diffuse staining throughout the cytoplasm, which 
obscures both the clear cell appearance and the visualization of 
the vacuoles. 


The contents of the apparently empty vacuoles consist partly of 
lipid, as judged by interpretation of fat stains on fresh frozen 
sections, but there is also a nonlipid component. With H&E staining 
after fixation in glutaraldehyde or the commercial fixative Ultrim 
(American Histology Reagent Co., Stockton, CA), the clear 
vacuoles are replaced by brightly staining red granules. The nature 
of the stained product is probably related to spermine, a low- 
molecular weight alkaline substance. Using these alternate 
fixatives, immunostaining for protein such as PSA or PAP is still 
negative within vacuole lumens. 


Figure 36.17 Peripheral zone epithelium showing clear cells in 
which cytoplasm is barely discernible as composed of a sheet 
of small empty vacuoles with delicate pale partitions. 


Vacuoles are usually reduced or absent in the cytoplasm in 
dysplasia (prostatic intraepithelial neoplasia) (41) (Figure 36.3) 
and in most invasive carcinomas of Gleason's grade 3 or higher. In 
Gleason's grades 1 and 2 cancer, as well aS some areas in grade 3 
cancer, cytoplasmic vacuoles are retained, and these tumors have 
been referred to as clear cell carcinomas. 


The secretory lining of peripheral zone glands conveys an orderly 
appearance, with a single layer of columnar cells having basally 
oriented nuclei. In most glands, however, the epithelial row shows 
considerable random variation between neighboring cells in the 
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ratio of cell height to width and in apparent cell volume. Nuclear 
location also varies from the basal cell aspect to the mid-portion of 
the cell. The luminal cell border is consequently often uneven, and 
its roughness is accentuated by frequent cells whose luminal 
aspect is irregular and frayed. Prostate-specific antigen stain 
shows a reticular pattern diffusely throughout the cytoplasm 
(Figure 36.18). 


These deviations from uniformity and the resulting slightly untidy 
pattern of the normal epithelial strip appear intimately related to 
secretory function. Cytokeratin immunostaining of secretory cells 
shows that the cytoskeleton does not extend as far as the luminal 
aspect of each cell (Figure 36.19); it usually terminates somewhat 
above the midportion of the cell level in a sharp transverse line 
whose level from cell to cell defines a more uniform thickness of 
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the epithelial row than the full thickness that is stained by H&E. All 
of the cell contents toward the lumen from this transverse line 
appear to represent an isolated apocrine secretion compartment 
having diminished or absent cytoskeleton. As much as one-third of 
the total height of some cells may belong to this apocrine 
compartment. Lumenward from the terminal line of the keratin 
cytoskeleton, neighboring cells may lose their lateral adhesion and 
are sometimes separated by a narrow cleft. The indistinct luminal 
aspect of some cells appears to represent disintegration of this 
apical portion of the cell in situ. Release of contents of apocrine 
secretion into the lumen by fragmentation while still attached to 
the cell is the characteristic mode of peripheral zone and transition 
zone secretions; release of intact apocrine sacs from the 
underlying cell is rarely seen. 


Figure 36.18 Peripheral zone epithelium immunostained with 
anti-PSA. Protein is concentrated in a reticulated pattern that 
spares vacuole lumens and accentuates portions of vacuole 
partitions. 


Figure 36.19 Peripheral zone epithelium immunostained with 
antibody to secretory cell cytokeratin. Normal epithelial cells 
appear quite variable in size and shape, and some nuclei are 
displaced from cell base. Cytokeratin is accentuated toward 
luminal border, but at lower right and upper middle, clusters 
of cells have attached apocrine compartments lumenward, 
which have no cytokeratin staining and accentuate the 
irregularity of luminal epithelial border. 


The morphologic appearance of normal peripheral zone epithelium 
is closely mimicked by only that minority of clear cell well- 
differentiated carcinomas that retain abundant cytoplasmic clear 
vacuoles, often Gleason's grades 1 and 2 (25,26). However, these 
malignant cells usually differ from normal peripheral zone in 
having a sharply defined luminal plasma membrane that lies at the 


same height between epithelial cells and traces an even transverse 
line around the gland perimeter (Figure 36.20). Thus, the 
fragmenting apocrine compartment is usually absent; and, 
correspondingly, the cytoskeleton as visualized by keratin 
immunostaining the entire cytoplasm. Also, these malignant clear 
cells are of more nearly equal dimensions and contours than their 
benign counterparts, and nuclei are more strictly localized at the 
cell base. In dysplasia and in most grade 3 carcinomas, secretory 
vacuoles are much reduced or absent; cell cytoplasm is 
correspondingly dark (41). 


ares 


Figure 36.20 Clear cell carcinoma immunostained with 
antibody to secretory cell cytokeratin shows stronger 
cytokeratin accentuation at a luminal epithelial border, which 
is more even than in Figure 36.19, and lacks the apocrine 
secretory compartment. Cells are larger and more uniform 


than in Figure 36.19, with more basally located nuclei. 


Central zone epithelium, by contrast, shows an accentuation of the 
mild disorder of cell arrangement of the peripheral zone/transition 
zone (Figure 36.21). Here the epithelium is variably thickened by 
prominent cell crowding. Nuclei, which are usually larger than in 
the peripheral zone, are often displaced further from the cell base 
than in the peripheral zone and may give the illusion of 
Stratification in more crowded areas. Cell height is often quite 
variable, and because the luminal cell border usually is intact 
rather than disintegrating, irregular protrusion of cell apices into 
the lumen is prominent. Apocrine secretion in the central zone 
may be identical to that in the peripheral zone, but often it is 
characterized by intact spherical sacs in the gland lumen, 
containing no vacuoles, and staining more densely than the parent 
cell. They tend to remain intact after secretion as dense luminal 
spheres (Figure 36.21). 


The dark cytoplasm, thickened variable epithelium, and complex 
architecture in the central zone may be misinterpreted as atypical 
hyperplasia or dysplasia on needle 

P.935 
biopsies. However, the distinctive histologic features plus the 
absence of nuclear size variability, hyperchromasia, and loss of 
polarity rule against dysplasia. The central zone is not often 
Sampled by needle biopsies because its maximum extent is mainly 
restricted close to the prostate base. 


Figure 36.21 Central zone epithelium with dark cytoplasmic 
staining in an area of active apocrine secretion. Clear vacuoles 
are absent from apocrine secretion. Nuclei appear crowded and 
disordered, lying at different levels. 


Unique specialized secretory structures called lacunae are also 
common in the central zone (39). These are tiny round lumens 
that appear to lie entirely within the epithelial cell layer, isolated 
from the main ducta€“acinar lumen system (Figures 36.22,36.23). 
A complete layer of flattened epithelial cells is seen to surround 
each lacuna, but these lacunar cells have no apparent contact with 
stroma. They only abut onto surrounding secretory cells. Lacunae 
are a specialized apparatus for lactoferrin production and storage, 
as demonstrated by immunohistochemical staining. 


The central zone appears to represent a separate glandular organ 


within the prostate capsule. Aside from its unique morphologic 
features, its ducts arise from the urethra separately from the 
double lateral line of the remainder of the prostate. In addition, its 
ducts are in close anatomic proximity to the ejaculatory ducts and 
seminal vesicles. It has been suggested that the central zone may 
arise embryonically as an intrusion of wolffian duct stroma around 
the ejaculatory ducts into an organ that is otherwise of urogenital 
sinus origin (7). Pepsinogen II (37) and lactoferrin (39) are 
secreted by both the central zone and seminal vesicles but are not 
found under normal conditions in the peripheral or transition 
zones. 


Figure 36.22 Central zone with dense muscle bundles, dark 
basal cells, and opaque cytoplasm. 


Figure 36.23 Central zone gland immunostained with anti- 
lactoferrin. Lacunae on both sides of the lumen are densely 
stained, but cell cytoplasm is negative. 


Deviations from Normal Histology 


Beyond the age of 30 years, many prostates begin to show a 
variety of focal deviations from normal morphology (4,7,27,28). 
Their prevalence, extent, and severity progressively increase with 
age so that most prostates by the seventh decade of life are quite 
heterogeneous in histologic composition. Although these deviant 
histologic patterns seldom have clinical significance, their 
distinction from adenocarcinoma or BPH is sometimes difficult. 


Early morphologic studies concluded that focal atrophy in the 
prostate was a manifestation of aging and was seen as early as 40 


years of age. In fact, focal atrophy in the prostate is often the 
consequence of previous inflammation rather than aging (4,7). The 
number and extent of atrophic foci tend to be greater in older 
men, but their histologic appearance is identical to that of isolated 
foci found as early as 30 years of age. The histologic features are 
identical to those produced by chronic bacterial prostatitis, but no 
etiologic agent has been identified in the vast majority of cases, 
most of which appear to be asymptomatic. 


Postinflammatory atrophy is an extremely common lesion and is 
mainly a disease of the peripheral zone, where its distribution is 
sharply segmental along the ramifications of a duct branch (4,7). 
It is characterized by a marked shrinkage of ducts and acini with 
periglandular fibrosis and variable distortion of architecture 
(Figures 36.24,36.25). 
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Glandular units may be drawn together into clusters or spread out 
into a pattern suggesting invasive carcinoma. In addition to the 
presence of tiny distorted glands, the resemblance to cancer is 
further increased by the fact that nuclei may remain relatively 
large with occasional small nucleoli. 


Figure 36.24 Focus of postinflammatory atrophy in peripheral 
zone. Ducta€“acinar architecture is apparent but distorted by 
marked gland shrinkage, with reduced luminal area and 
periglandular fibrosis. 


In contrast to carcinoma, cell cytoplasm is usually much reduced 
in volume, and evidence of the original ducta€“acinar architecture 
often can be detected. Furthermore, there is usually residual 
inflammation, with scattered round cells in the adjacent stroma. 
Finally, there is sometimes an admixture of glands showing the 
earlier active phase of the process, with prominent periductal and 
periacinar chronic inflammatory infiltrate and less prominent gland 
shrinkage. 


Cystic atrophy is another common focal lesion that is typically 
found in the peripheral zone and is segmental in distribution. The 
markedly enlarged acini with flattened epithelium and the 


segmental distribution suggest an obstructive cause (Figure 
36.26). However, obstruction is not typically demonstrable, and 
the stroma between glands is usually attenuated rather than 
compressed by luminal expansion. This suggests that stromal 
atrophy may be the main pathogenetic event. 


The histologic hallmark of BPH is the expansile nodule, produced 
by the budding and branching of newly formed ducta€“acinar 
structures (Figure 36.27), by the focal proliferation of stroma, or 
by a combination of both elements (4,5,8,42). It mainly affects the 
transition zone, with occasional contribution from the periurethral 
region. Individual BPH nodules rarely become larger than 1.6 cm 
in greatest diameter; and, in any prostate, median nodule 
diameter is almost always less than 8 mm. An exception is 
produced in massive BPH by secondary nodule enlargement due to 
cystic dilatation of component glands. 


Figure 36.25 Tiny distorted glands of postinflammatory 


atrophy. Irregular contours and large nuclei mimic carcinoma; 
however, cytoplasm is scant, and there are periglandular 
collagenous rings. 


Figure 36.26 Cystic atrophy in the peripheral 
zone. 


Figure 36.27 Very small, gland-rich benign nodular 
hyperplasia nodule arising from dense stroma. 


Grossly BPH is usually recognized as a globular mass replacing 
each transition zone and composed of numerous individual nodules 
embedded within a diffusely hyperplastic transition zone tissue 
(Figure 36.28). Only the nodular component is recognizable 
histologically as a deviation from normal pattern; internodular 
tissue, even when increased in amount, is not distinguishable 
microscopically from normal transition zone. 


The enlargement of transition zone BPH produces a characteristic 
progressive deformity of overall prostate contour (Figure 36.29). 
The tissue lateral and posterior to the prostatic urethra (central 
zone and peripheral zone) is relatively unyielding, and expansion 
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is directed anteriorly and toward the apex at the selective expense 
of stretching and thinning of the anterior fibromuscular stroma. 
This produces a predominant increase in the thickness 
(anteroposterior dimension) of the gland. The anterolateral wings 
of the peripheral zone where they taper to join the anterior 
fibromuscular stroma (Figure 36.5) are compressed and thinned 
concomitant with increase of overall prostate width, but posterior 
and lateral peripheral zones are not significantly thinned except in 
massive BPH. 


The central zone is the least compressed region, but it is pulled 
forward over the BPH mass, accompanied by characteristic 
lengthening of the proximal urethral segment. As the urethra 
lengthens, its angulation at the midpoint increases, sometimes 
approaching 90 degrees (Figure 36.29). Increased angulation 
produces a more globular anteroapical compartment, which 
accommodates a larger BPH mass. The mucosa of the lateral 
urethral walls is compressed between the two opposed transition 
zone masses, and its surface area is stretched to a larger expanse 
as the transition zone masses expand (Figure 36.30). 


Figure 36.28 Small BPH nodule with increase of epithelial to 
stromal ratio to roughly 2:1 and surrounded by normal 
transition zone with epithelial to stromal ratio far below 1. 


Basal cell hyperplasia is most often seen as a secondary change in 
BPH nodules or inflammatory foci (33). The basal cells of ducts 
and acini become rounded with oval nuclei, and they form a 
multilayered lining that stains for 
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basal cella€“specific cytokeratin (Figure 36.31). There is typically 
a single luminal row of columnar secretory cells that stain positive 
for PSA. 


Figure 36.29 Sagittal diagrams of prostate showing main 
features of deformity produced by transition zone BPH. 
Transition zone (TZ) is bounded by the distal urethral segment 
(ud), proximal urethral segment (up), and anterior 
fibromuscular stroma (FM) (see Figure 36.3). Only the last leg 
of this triangular compartment yields easily to the pressure of 
transition zone expansion. Increased angulation and 
lengthening of urethra produce a more spherical compartment 
with increased capacity. Arrows indicate main features of 
deformity. (CZ, central zone; PZ, peripheral zone; ed, 
ejaculatory duct) 


Figure 36.30 Model of prostate with severe BPH seen in 
three-quarter frontal view. The transition zone mass on far 
side (blue) shows growth mainly anteriorly and toward the 
apex. BPH mass has been removed on the near side, showing 
concavity in the peripheral zone caused mainly by stretching 
and thinning of the anterolateral margin. The urethra shows 
prominent increased angulation, with anterior stretching of 
lateral walls between BPH masses. 


In BPH, basal cell hyperplasia is common at the margin of nodule 
infarcts, where presumably it represents a reaction to ischemia. 
Consistent with this proposal is the finding of smooth muscle 
atrophy and replacement by fibroblastic stroma in these areas. 
Much more commonly, basal cell hyperplasia is found in BPH 
nodules without frank infarction, but the almost invariable 
presence of fibroblastic stroma and smooth muscle atrophy 
suggest that ischemia may be etiologic here also. Gland shrinkage 
also usually accompanies these foci and may suggest a superficial 
resemblance to carcinoma. 


Dysplasia is a type of morphologic change seen in any prostate 
zone and characterized by focal enlargement of individual cells in 
an area with rounded dark nuclei showing changes characteristic of 
adenocarcinoma and occasionally showing features intermediate 
between cancer, dysplasia ducts, and acini (Figures 36.32,36.33). 


Evaluation of Radical Prostatectomy 
Specimens 


Normal morphologic features can be difficult to evaluate in the age 
group in which radical prostatectomy is usually performed. 
Landmarks are often obscured or distorted by retrogressive 
changes with aging or inflammation, whereas some prostates 
retain the normal appearance of the third decade of life, and some 
show increased glandular epithelial activity with or without atypia. 
Not infrequently, the morphologic appearance of any zone seems 
unrelated to the changes in other zones. Difficulties of 
interpretation are compounded when all sections are cut in the 
same plane 
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rather than different planes designed for optimum visualization of 
each zone. 


Figure 36.31 Prostatic duct with basal cell hyperplasia 
immunostained with antibody to basal cella€“specific 
cytokeratin. Basal cells create multiple layers, but a single 
luminal layer is secretory and remains unstained. 


36.32 Central zone with right half normal and left half 


showing mild dysplasia. 


Figure 


Figure 36.33 Central zone with left half showing mild 
dysplasia and right half showing severe dysplasia. 


Transverse planes of section, perpendicular to the rectal surface 
are the most common type of routine prostate sectioning, partly 
because they are the easiest to cut. They are also nearly parallel 
to the plane of many ultrasound and magnetic resonance images. 
They show much the same relationships as the oblique coronal 
planes except that the urethra is never seen along its long axis. It 
is important to review the expected appearance of transverse 
planes at different levels because of the considerable differences 
encountered. 


Transverse sections distal to the base of the verumontanum 
demonstrate the transition zone at most levels of section toward 
the apex in most men over 50 years of age, even when there are 
few nodules to signify BPH (8,42). Diffuse transition zone 


enlargement accompanying nodule development is nearly universal 
with age, and expansion is mainly anterior and toward the apex. 
The boundary between the transition zone and peripheral zone is 
often visualized more clearly by ultrasound imaging than by 
histologic study. Microscopically the difference in texture of the 
stroma between the two zones is the most important evidence for 
the location of the boundary between them, but it may not be 
apparent at all points. 


The boundary of the transition zone with the peripheral zone 
seldom extends closer than 1.0 cm to the posterior (rectal) 
prostate surface. If there has been a previous TUR, the resection 
cavity usually extends mainly anteriorly from the posterior 
urethral wall. Significantly, the TUR often spares the lateral 
portion of the transition zone, sometimes with residual nodules, 
and the transition zone boundary remains intact. 


Proximal to the base of the verumontanum, only one or two 
sections still show a transition zone unless there is a large mass of 
BPH tissue. The ejaculatory ducts now appear on these proximal 
sections, with the utricle between them. The dorsal, compact 
transverse portion of the preprostatic sphincter may be seen just 
anterior to the ejaculatory ducts. The sphincter and urethral lumen 
progress more anteriorly at each level of section cephalad until 
they reach the anterior tissue border at the bladder neck. 


The bladder neck lies a variable number of sections below (apical 
to) the highest transverse section cut at the prostate base (Figure 
36.34). The central zone may not be apparent histologically until 
the bladder neck level of section or higher. It usually appears 
suddenly between two transverse levels of section separated by 
only 3 mm. This is because the central zone is an inverted flared 
cone whose apical region near the verumontanum consists 
predominantly of main duct branches that cannot be readily 
distinguished from those of other zones. At the transverse level 
where it is first recognizable, the anterior portion of the central 


zone may lie directly above the area occupied by the transition 
zone in the section just one level below, and the transition zone is 
usually no longer visible. The central zone has a more distinctive 
histologic appearance in sections toward the base because of the 
rather abrupt increase in size and number of branches. The most 
basal section is usually almost entirely composed of central zone 
and consists mostly of acini that are distinctively large, polygonal, 
and closely packed (14). 


Figure 36.34 Parasagittal section of prostate base located 
almost at midline. Bladder neck smooth muscle above the level 
of bladder neck lumen is seen as a small dark patch (B) at far 
right. A layer of fat (F) covers the dome-shaped surface of the 
anterior central zone (top center). All glandular tissue within is 
central zone. One main duct (center) is seen in profile as it 
flares out toward the base, generating elaborate acinar 
structures. Behind the seminal vesicle (SV), the posterior 
central zone extends more celaphad as a narrow plate. 
Denonvilliers' fascia (D) is not adherent behind the seminal 
vesicles but blends with the capsule below. 


As the seminal vesicles leave the prostate base, they extend 
laterally along its basal surface (Figure 36.9). Often there is no 
capsule between the two organs, at least for the medial centimeter 
or more of the seminal vesicle. The degree of fusion between the 
two muscular walls is variable between prostates, but there is 
frequently no boundary whatever between the two organs 

medially, and only one millimeter of common muscular wall may 
separate the most basal central zone gland lumen from the 
seminal vesicle lumen. 


The origin of the ejaculatory ducts at the junction of seminal 
vesicles and vas deferens is surrounded by central zone glandular 
tissue and usually situated so that about two-thirds of the central 
zone mass is anterior to the ejaculatory ducts. However, it is quite 
common for the ejaculatory ducts to be situated more posteriorly; 
occasionally they enter the prostate on the rectal surface and 
entirely posterior to the central zone. 


The most basal transverse section of prostate usually has some 
bladder neck muscular wall at its anterior extent (Figure 36.34). 
Behind this muscle is a strip of fat that lies between the seminal 
vesicles and the bladder and rests on top of the most anterior 
aspect of the central zone. That portion of the central zone 
anterior to the ejaculatory ducts usually terminates at a lower 
level than the posterior portion, and the latter extends further 
cephalad as a thin plate between seminal vesicles and 
Denonvilliers' fascia (Figure 36.35). The strip of fat contains the 
large nerve trunks extending medially from the autonomic ganglia 
of the superior pedicle, which is situated lateral to the central 
zone at this level. When cancer penetrates the capsule at the 
prostate base, it is often seen within the fatty strip between 
bladder neck and central zone. Less often, it is associated with the 
nerves and ganglia of the superior pedicle lateral to the gland. 
Occasionally cancer extends above the prostate base posteriorly 
within the layers of Denonvillier's fascia. In large cancers, these 
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three routes of extensiona€”anteriorly, laterally, and 
posteriorlya€”often fuse with cancer in the seminal vesicle to 
produce a confluent mass of tumor above the prostate base. 


Figure 36.35 High power of central zone showing vertical 
course of ducts. (SV, seminal vesicle; F, fat) 


Figure 36.36 Apex of prostate seen grossly after 6-mm thick 
apical block has been subsectioned parasagittally at 3-mm 


intervals. Orientation of sections and localization of lesions are 
easily demonstrated, and cuts through the capsule are nearly 
perpendicular to the apical surface. 


At the apex of the prostate, sections should be taken as serial 
parasagittal subsections of a 6-mm thick block (Figure 36.36). This 
procedural modification sacrifices the transverse sectioning of the 
last level, which would lie 3 mm above the apex. However, it 
creates the advantage of showing the apical prostate tissue in 
planes that are more nearly perpendicular to the apical capsule 
surfaces, so that penetration of cancer can be more easily 
evaluated. In this area, where positive surgical margins are 
relatively common and capsule layers may be indistinct, such an 
advantage is important. Anterior to the urethra and for a narrow 
span anterolaterally, there is no capsule but only the distal end of 
the anterior fibromuscular stroma. Here there is a variable 
admixture of glands, striated muscle, and smooth muscle, and 
evaluation of capsule penetration is difficult. This is an area where 
adequate surgical resection is particularly difficult, and a positive 
margin may occasionally be created by transection of a small 
anterior cancer that was incidental, whereas the clinically detected 
cancer was elsewhere and has been successfully removed. 


Considerations in Transurethral 
Resection and Needle Biopsy 
Specimens 


Tissue distortion by heat coagulation near the edges of TUR chips 
can create important diagnostic problems that occasionally may be 
insurmountable. Basal cell hyperplasia, 
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adenomatous hyperplasia, inflammatory atrophy, and fragments of 
BPH nodules with small glands may be indistinguishable from 


carcinoma. Loss of nuclear detail occurs to a greater depth into 
the chip than obvious cell distortion. Hence, small foci of cancer 
may be more difficult to diagnose because of the artifactual 
absence of nucleoli. Gleason has indicated that the identification of 
occasional nucleoli larger than 1 Aum in diameter is an important 
criterion for distinguishing well-differentiated cancer from adenosis 
(26). 


Figure 36.37 Benign tubular invaginations from the wall of 
the intraprostatic seminal vesicle showing architectural and 
cytologic features that suggest carcinoma. Note the 
characteristic yellow-brown cytoplasmic granules. 


The same problems are seen in needle biopsies, where the artifact 
is presumably due to compression rather than heat. The presence 
of artifact is usually limited to loss of nuclear detail and is more 


subtle because areas of severe tissue distortion are not often 
represented. 


The regions of the prostate sampled by TUR and by needle biopsy 
tend to be quite different. Most needle biopsies represent 
peripheral zone tissue. Unless a special effort is made, the needle 
seldom reaches the central zone or the more anterior portions of 
the transition zone. 


In the majority of cases, TUR specimens consist of transition zone 
tissue, urethral and periurethral tissues, bladder neck fragments, 
and anterior fibromuscular stroma (42). The preprostatic sphincter 
is always present but usually not identifiable. Occasionally, 
fragments of the proximal end of the striated sphincter are 
present. Our study of radical prostatectomy specimens post-TUR 
has shown that the resection usually does not extend beyond the 
transition zone boundary into the central or peripheral zones, and 
usually not all the transition zone tissue has been removed (42). 


Occasionally, peripheral zone or central zone tissue may be 
sampled at TUR. Central zone fragments show distinctive 
architectural and cytologic features described above. They are not 
infrequently accompanied by fragments of ejaculatory duct, 
intraprostatic vas deferens, and/or seminal vesicle. The tiny 
tubular outgrowths from the walls of these structures may be 
misinterpreted as adenocarcinoma when seen in tangential 
sections that do not reveal the main lumen (Figure 36.37). This 
impression may be further encouraged by the frequent presence of 
enlarged dark nuclei of bizarre contour. The presence of golden 
brown cytoplasmic granules, which may be few and inconspicuous, 
helps to establish the true diagnosis. Uniform negative staining for 
PSA and PAP are confirmatory. 
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Testis and Excretory Duct 
System 


Thomas D. Trainer 


Introduction 


The adult testes are paired organs that lie within the scrotum 
suspended by the spermatic cord (Figure 37.1). The average 
weight of each is 15 to 19 g, the right usually being 10% heavier 
than the left (1). The scrotal covering layers are skin, dartos 
muscle and Colles' fascia, an external spermatic fascia, and the 
parietal layer of the tunica vaginalis (Figure 37.2). The dartos 
muscle, of the nonstriated type, is closely attached to the 
overlying skin but glides freely over the underlying loose fascial 
layer. 


Supporting Structures 


The supporting structures of the testis consist of a tough capsule 
(the tunica) and a number of fibrous septa that extend from the 
inner surface of the tunica into the parenchyma and divide the 
testis into approximately 250 lobules, or compartments. The 
posterior portion of the testis not covered by the capsule is called 
the mediastinum, which contains blood vessels, nerves, 


lymphatics, and the extratesticular portion of the rete testis. The 
capsule has three distinctive layers: the outer serosa, or tunica 
vaginalis; the thick, collagenous tunica albuginea; and the inner 
tunica vasculosa. The tunica vaginalis consists of a flattened layer 
of mesothelial cells overlying a well-developed basement 
membrane. It forms a sac with two components; a visceral portion 
covering the testis and head of the epididymis and a parietal 
portion, formed as the lining reflects posteriorly and superiorly at 
the mediastinum and epididymis and then covers the internal 
spermatic fascia. Infrequently, transitional or squamous 
metaplasia of the surface epithelium may be present (2). The 
tunica albuginea is composed of a layer of collagen fibers, within 
which are embedded fibroblasts, myocytes, mast cells, nerve 
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fibers, and nerve endings resembling Meissner's corpuscles. The 
myocytes, found primarily in the posterior aspect of the testis, 
undergo regular contractions and cause a transient increase in 
intratesticular pressure. The tunica vasculosa, a loose connective 
tissue layer containing blood vessels and lymphatics, sends septa 
into the testicular parenchyma to form the individual lobules. 
Blood vessels passing through the tunica do so in an oblique plane, 
which may or may not have some significance with respect to 
blood flow within the testis. It is well known that the pulse 
pressure in the testicular parenchyma is extraordinarily low. The 
tunica varies greatly in thickness with age, averaging 300 Aug at 
birth, 400 to 450 Aug in young adults, and 900 to 950 Aug in men 
over 65 years of age (3). 
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Figure 37.1 Diagrammatic view of testis, epididymis, and 
portion of ductus (vas) deferens. 
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Figure 37.2 Scrotal covering layers and capsule of testis. 


Seminiferous Tubules 


Each lobule of the testis contains one to four seminiferous tubules 
(Figure 37.1). The individual tubule is a highly convoluted, closed 
loop structure, with numerous communications between the arms 
of the loop but without any blind endings or branches. Each arm of 
the loop empties into the septal portion of the rete testis, although 
infrequently seminiferous tubules may empty directly into the 
mediastinal rete. The total length of seminiferous tubules in each 
testis has been estimated between 299 and 981 m, with an 
average around 540 m (4). The average tubule diameter in young 
adults is 180 Aum (A+ 30). The usual open testicular biopsy may 
encompass tubules from up to five lobules along with portions of 


the intervening septa. It is important not to interpret the latter as 
foci of interstitial fibrosis. The seminiferous tubules are composed 
of germ cells in varying stages of differentiation and Sertoli cells. 
Each tubule has a distinctive basement membrane and a thin 
lamina propria (Figure 37.3). 


Figure 37.3 A cross-sectional view of seminiferous tubule and 
interstitium. Germ cell maturation is variable around the 
tubule, a normal finding. 


Sertoli Cells 


Sertoli cells play important and very different roles in the fetal and 
adult testes, and these divergent roles are reflected in their 
proliferative activity, cell protein markers, and the nature of 
cellular intermediate filaments at these periods of the cell's life 
Span. Adult Sertoli cells are nondividing cells. Their number is 
important since they have the capacity to nurture only a fixed 
number of germ cells. Genetic, hormonal, and environmental 
factors appear to play significant roles in determining the final 
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number of Sertoli cells in the adult testis (5). These tall, irregular, 
columnar cells, with their bases attached to the underlying basal 
lamina, have an abundant but relatively inconspicuous cytoplasm 
and an ill-defined cytoplasmic membrane on light microscopic 
examination. The cells send intricate cytoplasmic extensions 
around the germ cell elements and continuously alter their 
contours to accommodate the changing size and shape of the germ 
cells that they cradle. Adult Sertoli cell nuclei have round to 
Slightly irregularly shapes, with a highly folded nuclear membrane, 
a homogeneous chromatin distribution, and a prominent, round 
nucleolus (Figure 37.4). These features are in sharp contast to 
those of the prepubertal and fetal Sertoli cells, which have an oval 
or elongated nucleus, a smoothly contoured nuclear membrane, 
and an inconspicuous nucleolus (Figure 37.15). The Sertoli cell 
nuclei represent about 10% of the nuclei in a normal adult tubule 
cross section. They are located toward the basal side of the tubule 
and lie just central to the nuclei of the spermatogonia and 
preleptotene spermatocytes. The cytoplasm may contain lipid 
vacuoles and/or granular eosinophilic material. Much of the 
phagocytosed material represents remnants of the residual bodies 
of the spermatid or degenerated earlier germ cell forms. Adult 
Sertoli cells contain vimentin as intermediate filaments, whereas 
embryonic and prepubertal Sertoli cells also contain cytokeratins 8 
and 18 (6). The transient appearance of cytokeratins is of interest 
in view of the report of a malignant Sertoli cell tumor containing 
both cytokeratins and vimentin (7). Low-molecular weight 
cytokeratins also may be identified in some of the Sertoli cells of 
atrophic tubules of the adult testis (8), in Sertoli cells of tubules 
containing in situ germ cell neoplasia (9), and in Sertoli cells of 
the contralateral testis of patients with germ cell neoplasms. 
These Sertoli cells have an immature morphological appearance 
and appear to be part of the testicular dysgenesis syndrome 
described recently (10). Adult Sertoli cells, unlike fetal or 
prepubertal Sertoli cells, express androgen receptors within their 


nuclei but, at the same time, have lost their expression of 
cytoplasmic anti-mAYllerian hormone (5,11). A wide variety of 
other molecules are produced by the Sertoli cells, including 
inhibin/activin, insulin-like growth factor, platelet-derived growth 
factor, transforming growth factor, interleukins 1 and 6, and 
neurofilament proteins (12,13). Still unclear is whether or not the 
fetal Sertoli cell produces a substance or employs some other 
mechanism that serves to eventually bring the fetal germ cell into 
mitotic arrest. Those germ cells that fail to reach the fetal testis or 
the female germ cells in the ovary do not appear to be exposed to 
this undefined Sertoli cell product and consequently become 
arrested in the early phase of the first meiotic division (14,15). 
Present in the cytoplasm are the crystalloids of Charcot-BA{Ittcher 
(16). These bundles of filamentous structures, located primarily in 
the basal portion of mature Sertoli cells, are best seen by 
ultrastructural examination but occasionally are large enough to be 
seen by light microscopic studies (Figure 37.5). | Ultrastructurally, 
they appear to merge with vimentin-labeled intermediate 
filaments, both of which are increased in the cryptorchid testes 
and the Sertoli cella€“only syndrome (9). 


At puberty, a tight junction complex forms between adjacent 
Sertoli cells, dividing the seminiferous tubule into 
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basal and adluminal compartments; the former contains 
spermatogonia and preleptotene spermatocytes, and the latter 
holds the remaining primary spermatocytes, secondary 
spermatocytes, and spermatids. A transient, intermediate 
compartment is formed by adjacent Sertoli cells as germ cells 
move from the basal compartment to the adluminal compartment. 
A tight junction complex forms behind the germ cells to seal off 
the intercellular space, thereby ensuring the integrity of the 
Sertoli cell barrier (17). This junction forms the major blood-testis 
barrier, preventing access of bloodborne constituents to the germ 
cells in the adluminal compartment except through the Sertoli cell 


cytoplasm. Still unclear is the mechanism that serves to promote 
the movement of germ cells from the basal compartment to the 
adluminal compartment. 


Figure 37.4 Seminiferous tubule with Sertoli cells (long 
arrows), spermatogonia (i”), primary spermatocytes (â-2), 
and spermatids (short arrow). 


Figure 37.5 Sertoli cell with intracytoplasmic Charcot- 
BAfittcher crystalloids (arrow) from a patient with germ cell 
aplasia. Note the prominent nucleolus and slightly wrinkled 
nuclear membrane. 


Other cell connections between adjacent Sertoli cells include gap 
junctions, desmosomes (rarely), and ectoplasm_ specialization sites 
(18). Intercellular junctionlike structures are present between 
Sertoli cells and germ cells, presumably serving as the conduit by 
which the Sertoli cell plays a role in the regulation of 
spermatogenesis. 


Germ Cells 


Germ cells are derived from tissues in the posterior wall of the 
yolk sac and migrate in early embryonic life to the gonadal ridge 
(19). Deviations in this migration route account for the appearance 
in abnormal locations of tumors derived from these cells (Figure 
37.6). The germ cell elements comprise the bulk of the cells seen 
in the adult seminiferous tubule (Figures 37.3,37.4). Maturation in 
humans covers a period of 70 A+ 4 days (20), with no evidence 
that this time requirement is altered by age or pathologic states. 
The undifferentiated spermatogonia lie in the basal compartment 
and undergo proliferation and renewal. Some of them become 
committed to the process of spermatogensis and give rise to 
primary spermatocytes, heralding the first meiotic division of 
spermatogenesis. The earliest of the primary spermatocytes, the 
preleptotene forms, are also located in the basal compartment. 
The preleptotene spermatocytes are then moved by an unknown 
signal into the adluminal compartment, where they sequentially 
become leptotene, zygotene, pachytene, and diplotene primary 
spermatocytes, this phase of the cycle involving a period of 24 
days (21). After this relatively long period of gametogenesis, the 
first meiotic division occurs with the formation of secondary 


spermatocytes. These cells have an extremely short half-life and 
soon undergo the second meiotic division to form haploid 
spermatids, which are then converted into spermatozoa through a 
series of complex steps of metamorphosis (Figure 37.7). 


Until spermatozoa are formed, all progeny of a spermatogonium 
committed to going through the meiotic process are connected 
together by a narrow cytoplasmic bridge that permits sharing of 
cytoplasmic organelles and allow for simultaneous maturation of 
interconnected cells. Of interest is the lack of these intercellular 
connections in seminomas and intratubular germ cell neoplasm but 
their occasional presence in spermatocytic seminomas (22). A 
failure of cell separation, a form of dysmaturation, is reflected in 
the tubular lumen and seminal fluid by the presence of 
multinucleated spermatids or multiheaded spermatozoa. In the 
late spermatid phase, excess cytoplasm is discarded by the 
spermatid and is phagocytosed by the enveloping Sertoli cells. The 
Sloughing of germ cells into the seminiferous tubule lumen and the 
presence of immature and abnormal forms observed in patients 
with varicocele and other pathologic states suggest a failure of 
Sertoli cell regulation of this maturation process. One must take 
care to separate this pathologic sloughing process from the 
artifactual 
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sloughing that frequently occurs in open biopsy specimens (Figure 
37.8). 


Figure 37.6 Germ cells located immediately beneath the 
mesothelial lining cells of the process vaginalis of a 16-week 
fetus. 
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Figure 37.7 Steps in spermatogenesis. 


Maturation of germ cells proceeds in an ordered, nonrandom 


fashion along the length of the seminiferous tubule. Groups of 
evolving germ cells of one level of development tend to be found 


in association with developing germ cells of another level of 
development at any point along the tubule. Clermont (23) 
described 14 cell association patterns in the rat testis and 6 such 
cell associations in humans. In the rat, a given cross section of 
seminiferous tubule shows only one cell association around the 
circumference of the tubule, whereas in humans up to three cell 
associations may be seen in a tubule cross section. Initially this 
arrangement of cell clusters was considered to form an 
overlapping helical pattern along the length of the tubule (24). 
That view has been recently challenged (25). Of practical 
importance is the need to recognize that not all stages of 
differentiation of germ cells may be seen in any one cross- 
sectional view of a seminiferous tubule. Mature spermatozoa and 
late spermatids may be seen in one portion of a tubule cross 
section, and the opposite wall may show maturation only to the 
early spermatid level (Figure 37.3). It has been recognized for 
many years that not all spermatogonia or spermatocytes progress 
to become spermatozoa and that apoptotic or degenerative 
changes in these precursor cells can be seen regularly in the 
seminiferous tubules (26). This normal physiologic process should 
not be mistaken for maturation arrest. The germ cell elements can 
be recognized with relative ease, and one should be able to 
distinguish spermatogonia, primary spermatocytes, secondary 
spermatocytes, and spermatids. 


Figure 37.8 Seminiferous tubule with artifactual sloughing of 
germ cell elements into tubule lumen. 


Spermatogonia are located in the basal compartment of the 
seminiferous tubule, the basal portion of most of the cells being in 
contact with the tubule basement membrane. They have been 
subdivided into three types, mainly on the basis of the nuclear 
chromatin pattern, as type A dark, type A light, and type B. Type 
A dark cells have a central nuclear cleared area, referred to as the 
nuclear vacuole, and contain glycogen in their cytoplasm. The type 
B cells tend to have a more coarsely clumped chromatin pattern 
than either of the type A cells. It should be pointed out that the 
nuclear chromatin pattern differences among these spermatogonia 
is usually evident only with fixatives such as Zencker-formal and 
that fixatives such as Bouin's produce coarse clumping in the 
nuclei of all of the spermatogonial subtypes, making subtyping 
difficult (23). The spermatogonia nuclei are oval to round and 
contain one or two easily identifiable nucleoli (Figure 37.9). Within 
the cytoplasm in a perinuclear location are the crystalloids of 
Lubarsch. These structures, measuring up to 3.0 Aum in length, 
may be found in adults and infants as early as the fifth postnatal 


week. 


They are composed of a mixture of parallel arrays of fibrils 80 to 
150 A... thick and ribosome-like granules (27). 


Figure 37.9 Portion of seminiferous tubule showing 
spermatogonia (solid arrowhead), primary spermatocytes 
(open arrowhead), Sertoli cells (arrow), and fibromyocyte of 
tunica propria (solid triangle). The smaller cells in the lower 
right are mainly secondary spermatocytes and early 
spermatids. 


The classification of primary spermatocytes is based on the 
alteration of the nuclear chromatin pattern (23). These cells are 
distinctive because of the doubling of the amount of DNA in their 
nuclei as a result of the duplication of each chromosome into 
chromatid pairs in preparation for the first meiotic division. The 
leptotene primary spermatocytes are characterized by a change in 
the chromatin pattern into a filamentous structure with a fine- 
beaded arrangement. Zygotene spermatocytes have an even 
coarser granularity of the chromosome filaments, and there is a 
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tendency for the chromatin material to gather eccentrically within 
the nucleus. Pachytene and diplotene spermatocytes are the most 
easily recognized of the primary spermatocytes because of their 
large size and their prominent nucleus, containing thick, short 
chromatin filaments (Figure 37.9). 


Secondary spermatocytes, having an extremely short half-life, 
make up only a small minority of the cells seen in a cross section 
of the tubule. Their nuclei, substantially smaller than in the 
primary spermatocytes, have a finely granular chromatin pattern 
and a haploid number of chromosomes but a diploid amount of 
DNA because of the presence of the chromatid pairs. These cells, 
located near the tubule lumen, differ only slightly in appearance 
from the very early spermatids with which they are closely 
associated. (Figures 37.4, 37.9). 


The spermatids have a heavily stained granular pattern to the 
nucleus and, if the plane of section is appropriate, a slight 
depression on the surface of the cell, representing the beginning 
of the acrosome. The late spermatid form is characterized by a 
change in the nucleus, first to an oval shape with highly condensed 
chromatin material, then to an elongated form, and eventually 
assuming the configuration of the nucleus of a mature 
spermatozoon. One of the last steps in the maturation process is 
the separation of the interconnected progeny. 


Elaborate methods have been developed for quantitatively 
assessing the germ cell elements and the relationship of 
spermatogenesis to seminal fluid sperm density (28,29,30,31,32). 
The method of Johnson (29) applies a score of 1 to 10 for each 
tubule cross section examined. The criteria are as follows: 10, 
complete spermatogenesis and perfect tubules; 9, many 
spermatozoa present but disorganized spermatogenesis; 8, only a 
few spermatozoa present; 7, no spermatozoa but many spermatids 
present; 6, only a few spermatids present; 5, no spermatozoa or 
spermatids present but many spermatocytes present; 4, only a few 


spermatocytes present; 3, only spermatogonia present; 2, no 
germ cells present; 1, neither germ cells nor Sertoli cells present. 
The mean score count should be at least 8.90 with an average of 
9.38, and 60% or more of the tubules should score at 10. 


Two relatively simple methods are helpful to the surgical 
pathologist. The first method (32) involves establishing a germ cell 
to Sertoli cell ratio by counting at least 30 tubule cross sections. 
This ratio is relatively constant at approximately 13:1 in young 
healthy men. An average of 10 to 12 Sertoli cells per tubule cross 
section is considered normal, and approximately half the germ cell 
elements within the tubule should be in the spermatid stage. An 
assumption is made that the Sertoli cell population is stable 
throughout adult life. A reasonably good assessment of the 
presence or absence of hypospermatogenesis or maturation arrest 
can be made with this technique. A second method involves 
counting spermatids per tubule cross section (33). Only the 
mature spermatids, that is those with oval nuclei and dark, 
densely stained chromatin, are counted. Excellent correlations 
have been made with seminal fluid sperm counts. A 
Spermatid/tubule cross section count of 45 corresponds to a 
seminal fluid sperm count of 85 A— 10®/mL. Spermatid/tubule 
counts of 40, 20, and 6 to 10 correspond to sperm counts of 45, 
10, and 3 A— 10°/mL, respectively. A minimum of 20 tubules must 
be counted. 


Interstitium 


The interstitium of the testis accounts for 25 to 30% of the 
testicular mass. It can be divided loosely into intertubular and 
peritubular regions. Within the former are Leydig cells, blood 
vessels, lymphatics, nerves, macrophages, and mast cells. The 
macrophages are often found in close association with Leydig cells 
(34), where the two cells form complex cell-cell interdigitations. 
There is increasing evidence for an important paracrine role for 


macrophages in Leydig cell function (35). Surrounding each 
seminiferous tubule in a sheathlike fashion is the lamina propria or 
tunica propria, which consists of an inner basal lamina, surrounded 
by a 
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zone of multilayered spindle-shaped cells, intermingled with 
collagen and elastic fibers (Figure 37.9). The outermost two layers 
of cells stain for vimentin and actin but not for desmin. The inner 
layers of three to five cells stain intensely for desmin as well as 
actin and vimentin, findings that are characteristic of 
myofibroblasts (36). These same cells also contain androgen 
receptors in their nuclei (11). Elastic fibers first appear at puberty 
in the outermost layer of the lamina propria (37). There is a 
striking absence of elastic fibers in the lamina propria of sclerotic 
tubules in patients with Klinefelter's syndrome, in contrast to their 
abundance in the lamina propria of patients with postpubertal 
tubular sclerosis of multiple other causes (38). 


A common finding in patients with oligozoospermia or azoospermia 
due to primary testicular failure is the accumulation of 
eosinophilic, acellular material in the lamina propria. This material 
is an admixture of increased collagen fibers, elastic fibrils, and 
basement membraneda€“like material (39). The peritubular tissue 
of patients with hypogonadotropic hypogonadism is 
underdeveloped, having only one or two layers of myoid cells 
mixed with a few collagen fibers. In contrast, there is a large 
accumulation of collagen in the lamina propria of some of the 
seminiferous tubules of adult patients with cryptorchidism. 


Leydig Cells 


Adult Leydig cells, the source of testicular androgens, only rarely 
undergo mitotic division (40). They are found singly and in clusters 
within the interstitium of the testis; some lie immediately adjacent 
to capillaries, whereas others lie close to the peritubular 


myofibrocytes (Figure 37.10). They also may be seen in the tunica 
albuginea, epididymis, spermatic cord, and mediastinum of the 
testis. They are often located in intimate association with large 
nerve fibers, sometimes as a large cluster adjacent to the nerve 
(Figure 37.11) and, at other times, scattered randomly throughout 
the nerve fiber (41). They may be found at these sites in the fetus 
as well as the adult. The single nucleus of the cell is round and 
vesicular, with one to two eccentrically located nucleoli. Occasional 
binucleated cells are present. The cytoplasm is usually abundant 
and stains intensely with acid dyes. Lipid droplets and lipofuscin 
pigment are found in the cytoplasm, first appearing at the time of 
puberty and increasing in prominence in the aging testis. The 
characteristic intracytoplasmic Reinke crystalloids are present only 
in the postpubertal state (Figure 37.10). Their presence is highly 
variable in the normal testis, and they are frequently absent in 
Leydig cell tumors. The nature of the material is still unknown, 
although it is presumed to represent a protein product of the cell 
(42). The crystalloids stain negatively for actin, vimentin, and 
desmin. 


Figure 37.10 Leydig cells in interstitium of testis. An 
eosinophilic crystalloid of Reinke and abundant lipofuscin are 


prominent features in the cytoplasm of the Leydig cell in the 
center of this field. 


Figure 37.11 Leydig cells in intimate association with a nerve 
in the hilus of the testis. 


Quantitation of Leydig cells has been a difficult parameter to 
assess. Several indices have been used: mean Leydig cell number 
or Leydig cell cluster number per seminiferous tubule; mean 
number of Leydig cells per Leydig cell cluster; Leydig cell to 
Sertoli cell ratio; and ratio of Leydig cell area to seminiferous 
tubule area (43). Heller et al. (44), using the Leydig cell to Sertoli 
cell ratio, found a value of 0.39 and a range of 0.19 to 0.72. In 
that same study, they also determined the average number of 
Sertoli cells per tubular cross section to be 10.03 A+ 0.6. They 
made an assumption that the Sertoli cell population was stable in 
their calculation of the Leydig cell population. As a rule, normal 
adults should have four to five Leydig cells for each tubular cross 
section. 


Vimentin represents the predominant intermediate filament, but 
actin filaments and neurofilament triplet proteins have also been 
identified in both Leydig and Sertoli cells (13). Androgen receptors 
are found within the nuclei but at a much lower intensity than 
found in Sertoli cells (11). 
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Calretinin, a protein found primarily in the cytoplasm and to a 
lesser extent in the nucleus, has been shown to be a reliable 
marker for normal and neoplastic Leydig cells. Theca interna cells 
of the ovary stain equally well, but Sertoli cells, granulosa cells, 
and theca externa cells stain little or not at all (45). Relaxin-like 
factor, also known as the Leydig cell insulin-like factor, stains 
strongly in the cytoplasm of Leydig cells, as well as theca interna 
cells and hilar cells in the ovary (46,47). Leydig cells stain 
positively for S-100, glial fibrillary acidic protein (48), 
synaptophysin, chromogranin A-B, and neuron-specific enolase but 
not for vimentin or desmin. A subpopulation of cells will stain 
intensely for nestin, an intermediate filament seen mainly in nerve 
and muscle progenitor cells (49). The presence of these 
substances undoubtedly indicates an important paracrine function 
that Leydig cells share with Sertoli cells, peritubular cells, 
macrophages, and nerves. 


Vascular Supply 


The blood supply to the testis is derived primarily from the 

internal spermatic (testicular) artery with a smaller contribution 
from the branches of the vasal portion of the internal (superior) 
vesicle artery. The testicular artery, arising from the aorta 
immediately distal to the renal artery, is highly coiled and 
extremely long relative to its diameter. It has a low pulse pressure 
as it enters the testis (50). The artery plays an important role in 
thermal regulation via countercurrent heat exchange with the 
veins of the pampiniform plexus. The combination of this vascular 
heat exchange and the heat lost via the thin scrotal covering 


layers serves to maintain the testicular temperature 2A°C below 
body temperature. Arterial branches of the testicular artery 
arborize over the surface of the testis, penetrate the capsule, and 
pass in a centripetal fashion within the septa to the mediastinum, 
where they form a dense cluster. Only a few branches enter the 
lobules from these centripetal arteries. From the mediastinum, the 
small arterial segments then pass in a centrifugal fashion within 
the parenchyma, where they branch into arterioles and capillaries. 
The veins run either centrifugally or centripetally to the capsule or 
mediastinum, respectively, and eventually anastomose posteriorly 
to form the pampiniform plexus of the testicular vein. Biopsy 
specimens of the testis of patients with varicoceles often show a 
Striking sclerosis of vascular walls (51). These changes appear to 
involve both arteries and veins. The significance of these vascular 
alterations with respect to seminiferous tubule function in patients 
with varicoceles is uncertain. 


At puberty, there is extensive development of the intratesticular 
microvascular architecture, the most notable features being a 
marked coiling of the arteries and a great expansion of the 
peritubular capillary network. Unlike other capillaries of the 
systemic system, the testicular capillary walls have a prominent 
basement membrane and an incomplete outer layer of pericytes 
(52). Arteriovenous anastomoses occur in two locations: (a) 
beneath the tunica albuginea between branches of the centripetal 
artery and vein and (b) deep within the parenchyma between 
branches of the centrifugal artery and vein. The role of these 
anastomoses is unknown. 


The capillary network appears to have a very structured 
arrangement with respect to the Leydig cells and the seminiferous 
tubules, ramifying around and within the Leydig cell-macrophage 
clusters and then penetrating the tunica propria of the 
seminiferous tubules. Not all areas of the tubule wall appear to be 
supplied with this elaborate network, and the reason for this is still 
unclear. The capillaries then reenter the loose interstitium as 


postcapillary venules, where they receive other capillaries coming 
from the Leydig cell clusters (53). The intralobular veins then 
enter the septa, where they move either to the mediastinum or to 
the tunica vasculosa. 


There is a remarkable species-to-species variation in the 
distribution of lymphatic channels in the testis (54). In humans, 
ill-defined lymphatic spaces are found in the interstitium adjacent 
to Leydig cell clusters, but a peritubular lymphatic network is 
lacking. The lymphatic channels drain into the septa and thence to 
either the capsule or the mediastinum, where they join on the 
posterior aspect of the testis. They then anastomose with 
lymphatic channels from the epididymis, enter the spermatic cord, 
and drain into the periaortic lymph nodes. 


Fetal and Prepubertal Testis 


The fetal testis becomes recognizable at seven to eight weeks of 
gestation, at which time primitive testicular cords become evident. 
By the ninth week, the primordial germ cells, having migrated 
from their extraembryonal origin at the base of the allantois, have 
found their way into the cords, and are now referred to as 
gonocytes. These mitotically active cells, with a round nucleus and 
a prominent nucleolus, are scattered throughout the tubuli but 
usually are found in the center, surrounded by immature Sertoli 
cells (Figures 37.12,37.13). During the latter half of fetal life and 
the first six months after birth, the gonocytes undergo a 
maturation process in which they enter mitotic arrest. They 
become larger, acquire more cytoplasm, develop a prominent 
nucleus with a coarse chromatin pattern, and migrate to the 
periphery of the tubule to reach the basal lamina. At this time, 
these cells are variously referred to as prespermatogonia, 
prospermatogonia, M (multiplying) spermatogonia, T (transitional) 
spermatogonia, or simply spermatogonia (Figure 37.14). At birth, 
the germ cells average 4 per tubule cross section, two-thirds of 


them being gonocytes. At 45 days there are about 
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equal numbers of gonocytes and spermatogonia, with an average 
of 4 to 5 per tubule cross section (55). By the sixth postnatal 
month, virtually all of the germ cells are spermatogonia. This 
transition from the fetal stem cell pool to the adult stem cell pool 
is an important first step in the germ cell maturation process and 
appears to be defective in patients with cryptorchidism (56). From 
the age of one to four years, the number of germ cells average 1 
to 2 per tubule cross section, and this number should double 
between the ages of 5 and 8 years (55). Although for the most 
part kept in mitotic arrest until just prior to puberty, occasional 
germ cells may be found in infancy, childhood, and even in the 
fetus that have entered the meiotic phase to form spermatocytes 
or even spermatids. In early puberty, repeated waves of 
incomplete spermatogenesis take place, with an orderly processs 
of complete maturation not appearing until the end of puberty 
(57). Several studies have demonstrated a marked diminution in 
the number of germ cells in the prepubertal cryptorchid testis 
(Figure 37.15) and a less predictable decrease of germ cells in the 
truly ectopic testis (27,58). 


Figure 37.12 Fetal testis of 20 weeks' gestation, with 
numerous Leydig cells throughout the interstitium. 


Figure 37.13 Same testis as shown in Figure 37.12. Note the 
mitotic figure, probably of a Sertoli cell. Larger cells (arrows) 
are undifferentiated germ cells. The remaining cells are 
immature Sertoli cells. 


Figure 37.14 Testis of an 11-month-old child. A 
spermatogonium is present adjacent to the basement 
membrane (arrow). The interstitium contains undifferentiated 
spindle cells. 


Gonocytes and, less commonly, spermatogonia express a number 
of markers that are employed in evaluating germ cell neoplasms in 
adults, including the cytoplasmic placenta-like alkaline 
phosphatase (PLAP), the cell membrane proto-oncogene receptor 
c-kit, and the nuclear transcriptional regulator Oct3/4 (also known 
as Oct3 and Pou5F1). These markers first appear early in the first 
few weeks of gestation and gradually disappear at birth or soon 
thereafter. They are not seen in Leydig, Sertoli, or interstitial cells 
nor are they found in normal adult germ cells. Beginning at about 
the twentieth week of gestation, PLAP is the first to decrease, 
followed by Oct3/4, and then by c-kit. These declines correspond 
to the maturation process of the gonocytes into spermatogonia. 
Since the rate of disappearance is different for these markers, it is 
possible to observe germ cells staining positive for all three of 
these markers 
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simultaneously, positive staining only for c-kit and Oct-4 and not 
PLAP, or positive staining only for c-kit. Corresponding to their 
mitotic activity and eventual entry into mitotic arrest, gonocytes 
and spermatogonia both reveal strong nuclear staining with Ki-67 
throughout gestation but with only a few cells reacting after birth 
(59). 


Figure 37.15 Thirteen-year-old prepubertal boy with bilateral 
cryptorchidism. Mature Leydig cells are absent in the 
interstitium. The tubules lack a lumen. The Sertoli cells are 
immature, and germ cells are absent. 


At 20 weeks of fetal life, the testis is characterized by abundant, 
well-developed Leydig cells filling the interstitium (Figure 37.12). 
The seminiferous tubules are solidly filled with Sertoli cells and 
germ cells, measure 45 to 50 Âum in diameter, and lack a well- 
defined lumen (60). The postnatal tubules slowly increase in size 
to reach a prepubertal diameter of 64 Aum (range: 43â€“70Âum), 
at which time lumens begin to appear (61). 


Fetal Sertoli cells outnumber germ cells in a ratio of 7:1 (61) and 


undergo active mitotic division during this period. Unlike its adult 
counterpart, the immature Sertoli cell has an oval to round 
nucleus and an inconspicuous nucleolus (Figure 37.13). Vimentin 
and cytokeratins 8 and 18 are expressed in the cytoplasm, as 
noted above. Nuclear androgen receptors are not identified. 


Early studies had suggested that the Sertoli cell is mitotically 
inactive after birth, but stereologic studies indicate their number 
increases from 260 million late in fetal life, to 1,500 million 
between 3 months and 10 years, and to 3,700 million in the adult 
testis (62). They account for 95% of the tubule mass, with the 
germ cells comprising the other 5%. The testis shows a sixfold 
increase in size in the first year after birth, primarily as a result of 
Sertoli cell proliferation and the marked lengthening of the 
seminiferous tubules rather than a significant increase in tubule 
diameter (57). To a lesser degree, Sertoli cells continue to 
proliferate until puberty. Sertoli cells per cross section average 30 
in the fetal testis after 20 weeks, increase to 42 at the fourth 
postnatal month, decrease to 26 at age 13 years, and to 12 to 15 
in the adult testis (27,60). At puberty there is a fivefold increase 
in Sertoli cell volume, at which time Charcot-BAfttcher crystalloids 
first appear. The cryptorchid testis commonly contains microscopic 
collections, or a€cecongeries,a€* of very immature Sertoli cells, 
having either a round or fusiform-shaped nucleus and an 
inconspicuous nucleolus (Figure 37.16) (63). 


The early prepubertal lamina propria is relatively undeveloped and 
is separated from the tubules by a thin basement membrane that 
lacks the knoblike thickening and splitting of the adult testis. The 
collagen fiber layer is relatively thin, and only one or two spindle- 
Shaped cells are seen in the outer portion of the lamina propria. 


Leydig cells are first recognizable by the eighth week of fetal life 
and become prominent in the fetal testis at 14 to 18 weeks of 
gestation (Figure 37.12), after which there is a progressive decline 
in number, with few mature-appearing Leydig cells being evident 


at birth. A second wave of Leydig cells appears at two to three 
months of neonatal life, corresponding to the activation of the 
hypothalamus/pituitary/gonad axis (64). This population is a mix 
of cells, some with the characteristics of mature Leydig cells, 
smaller cells with a round nucleus and fairly prominent nuleolus 
but without the prominent eosinophilic cytoplasm of typical adult 
Leydig cells, and spindle cells. After this second phase of Leydig 
cell activity ends at about the fourth neonatal month, only spindle 
cells (Figure 37.14) are recognized until just before puberty, when 
the precursor Leydig cells progressively differentiate and 
eventually take on the appearance of adult Leydig cells. Still 
unclear is whether adult Leydig cells are derived from 
dedifferentiated fetal Leydig cells or from the primitive fibroblast 
cell population (64,65). 


Figure 37.16 Sertoli cell collections, or congeries. The tubules 
are composed of immature Sertoli cells and lack both germ 
cells and lumens. 


Aging Testis 


There iS a general consensus that a decline in testicular function 
occurs with advancing age. These physiologic changes are matched 
by involutional changes in the testicular parenchyma, including 
hypospermatogenesis, peritubular fibrosis, and hyalinization of the 
seminiferous tubules. A few sclerotic tubules are found 

occasionally in the normal adult testis (66), but larger, focal, or 
diffuse areas of sclerosis are distinctly pathologic. Although the 
total number of peritubular cells is maintained in elderly men, 
there is a sharp decline in the proportion of cells that stain 
positively for desmin and actin (36). 


Thickening of the testicular arterial walls with hyalinization, 
sometimes seen in otherwise normal testes, is found in over 90% 
of testes in which there are large zones of tubular fibrosis. The 
capillary bed in the aged testis becomes sparse and poorly 
organized (67). These vascular changes probably play a causal role 
in the peritubular sclerosis and tubular hyalinization. 


Substantial controversy exists regarding the Leydig cell population 
in the aging testis (68,69,70,71). According to 
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Neaves et al. (72), Leydig cell numbers and size both 
progressively decline with advancing age, the total Leydig cell 
population decreasing by 50% during the first 30 years of adult 
life. The production of testosterone by Leydig cells is relatively 
maintained despite a loss of total Leydig cell mass, probably 
because of the large reserve of these cells in the adult testis. 
When the Leydig cell mass decreases to a certain threshold point, 
daily sperm production is depressed. The aged Leydig cell contains 
large amounts of lipofuscin pigment and numerous vacuoles within 
the cytoplasm. 


Abnormal sperm maturation, sloughing of germ cells into the 
tubule lumen, degeneration of germ cell elements, and Sertoli cell 
lipid accumulation and cytoplasmic vacuolization are frequent 
findings in the aged testis. Earlier studies indicated that the 


Sertoli cell population is stable throughout the postpubertal years 
(73,74). However, Johnson et al. (75) found that men 20 to 48 
years of age had significantly more Sertoli cells per tubule cross 
section than did men 50 to 85 years of age, and there was a 
relatively constant relationship between Sertoli cells and germ 
cells in both age groups. Furthermore, these investigators 
Suggested that the decline in spermatozoa production in the 
elderly may be due to a decrease in Sertoli cell function and mass. 
Sertoli cells of those tubules demonstrating hypospermatogenesis 
have increased amounts of vimentin microfilaments and the 
reappearance of cytokeratins 8 and 18, suggesting that the 
reversion to the intermediate filament pattern of the 
fetal/prepubertal testis is related to the alteration of the normal 
spermatogenic process (6). 


Rete Testes 


The rete testis, a network of channels at the hilus of the testis, 
receives the luminal contents of the seminiferous tubules (Figure 
37.1). It is divided into three components: the septal portion 
containing the tubuli rete, the mediastinal rete, and the 
extratesticular portion also known as the bullae retis (76,77). The 
tubuli rete are short tubules, 0.5 to 1.0 mm in length, that 
connect the two ends of the seminiferous tubule loop to the 
mediastinum testis. The terminal end of the seminiferous tubule 
usually consist only of Sertoli cells, forming an epithelial pluglike 
structure as it protrudes into the rete lumen (Figure 37.17). There 
are approximately 1,500 entrances of seminiferous tubules into 
the rete. A few tubules may enter the mediastinal rete directly 
without intervening tubuli rete. The mediastinal rete is a 
cavernous network of interconnecting channels that exits from the 
testis to form several dilated, vesicular channels or antechamber- 
like structures called the bullae retis. These structures, measuring 
up to 3.0 mm in width, anastomose together to form the ductuli 
efferentia. 


Figure 37.17 Junction of septal rete testis and terminal end 
of seminiferous tubule. Note the Sertoli cells a€cepoutinga€s 
into the lumen of the rete. Rete epithelium is a low columnar 


type. 


The rete epithelium is a simple squamous or low columnar type 
(Figure 37.17), the luminal surface of which is studded with 
microvilli. Each cell contains a single, central flagellum that is 
inconspicuous on light microscopic examination. The epithelium 
sits on a relatively thick basal lamina, beneath which are a few 
fibroblasts and myoid cells intermixed with collagen and elastic 
fibers. Traversing the mediastinum and the extratesticular rete are 
epithelium-covered columns or strands called chordae retis. These 
columns, often appearing as islands on a cross section of the rete 
testis (Figure 37.18), vary greatly in length (15â€“100 Âum) and 
thickness (5â€“40 Âum) and serve to connect opposing walls of 
the chambers. The cytoplasm of the rete epithelium contains 
keratin and vimentin intermediate filaments, the former being 
located primarily in the apical portion of the cell and the latter 
being found in the basal region. The keratins, primarily of low- 


molecular weight types, can be first identified at the tenth week of 
fetal life and precede 
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the appearance of vimentin by two to three weeks (78). One would 
expect coexpression of these two intermediate filaments in the 
rare carcinoma of the rete or in hyperplasia of the rete. However, 
a report of nine cases of hyperplasia of the rete testis showed 
strong cytokeratin and epithelial membrane antigen staining but a 
negative reaction for vimentin (79). Sometimes found with 
hyperplastic or otherwise normal rete are hyalin  refractile, 
eosinophilic globules, which are periodic acid-Schiff (PAS) positive, 
sometimes j+1-antitrypsin positive, but {f+-fetoprotein negative 
(80). These should not be confused with the globules produced by 
yolk sac tumors of the testis. The rete epithelium, as well that of 
efferent ductules and the caput (head) of the epididymis, also 
contains receptors for estrogen, progesterone, and androgen (81), 
the presence of estrogen receptors perhaps accounting for the 
hyperplasia of the rete and efferent ductules seen in patients 
undergoing sex-reversal procedures (82). 


Figure 37.18 Rete testis, mediastinal portion, with irregular 
cavernous channels and cross sections of intratubular chordae 


(arrows). 


The rete serves multiple functions: (a) as a mixing chamber for 
the contents of the seminiferous tubules, (b) as a pressure 
gradient between the seminiferous tubules and the epididymis, (c) 
as a possible source of as yet unknown components of the seminal 
fluid, and (d) as a reabsorptive site of proteins from the luminal 
contents (83). 


Ductuli Efferentia 


The ductuli efferentia consist of five to six tubules that arise from 
the extratesticular rete testis (Figure 37.1) (84). They are 
involved primarily in resorption of fluid and do not appear to store 
Spermatozoa for any length of time. These tubules aggregate to 
form a significant portion of the caput of the epididymis proper 
(Figure 37.19). Unlike the body of the epididymis, the lumens have 
an undulating border. The cells of the efferent ductules are 
composed of ciliated and nonciliated columnar cells, basal cells, 
and scattered intraepithelial lymphocytes, giving the epithelium a 
pseudostratified appearance (Figure 37.20). Occasional cells with a 
Paneth cella€“like appearance are seen (Figure 37.21). These 
numerous and brightly eosinophilic globules are PAS positive and 
diastase resistant and chromogranin A negative; they most likely 
represent prominent lysosomes. They are less frequently seen in 
the rest of the epididymis and are most often encountered in 
patients with epididymal obstruction (85). Coexpression of low- 
molecular weight cytokeratins and vimentin, as well as epithelial 
membrane antigen, is evident within the epithelial cytoplasm (78). 


Figure 37.19 Caput (head) of epididymis, showing cross 
sections of distal portions of ductuli efferentia (upper right) 
and epididymis (lower left). 


Figure 37.20 Epithelium of efferent ductulus. The columnar 
epithelial cells are mixed with basal cells and occasional 
intraepithelial lymphocytes, giving the epithelium a 
pseudostratified appearance. 


The epithelium sits on a thick basement membrane, surrounding 
which is a coat of smooth muscle cells and fibroblasts, as well as a 
few scattered macrophages. Intraluminal macrophages, actively 
phagocytizing spermatozoa, are occasionally present, particularly 
when duct obstruction exists. 


Figure 37.21 Epithelium of ductulus with prominent Paneth 
cella€“like intracytoplasmic vacuoles. 


Epididymis 

The epididymis, a highly coiled, tubular structure, can be divided 
anatomically into caput, corpus, and cauda portions (Figure 37.1). 
The epididymis plays an important role in (a) sperm transport, (b) 
sperm maturation, including the acquisition of motility, (c) sperm 
concentration, and (d) sperm storage. The average sperm transit 
time through the epididymis in humans is 12 days (86). The 
transport mechanism is by way of muscle contractions of the thick, 
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muscular coat that surrounds the epididymal tubules. There is 
extensive reabsorption of intraluminal fluid, particularly in the 
caput portion of the epididymis. Most of the sperm are stored in 
the caudal segment until ejaculation occurs, and it is in this 
location in humans that sperm maturation takes place (87). Many 
spermatozoa apparently undergo senescence and degeneration in 
the cauda via an unknown mechanism. 


The epithelium of the epididymis consists of tall columnar or 
principal cells, basal cells, clear cells, tall slender or apical cells 
rich in mitochondria (apical mitochondria-rich cells), and scattered 
intraepithelial lymphocytes and macrophages (88). The principal 
cells, comprising over 95% of the columnar cells, have straight 
stereocilia (Figure 37.22), which are tall and nearly obliterate the 
lumen in the caput but become progressively shorter as the cauda 
is reached. The principal cells stain strongly for vimentin, 

epithelial membrane antigen (EMA), and acid phosphatase. Both 
basal and principal cells stain positively for low-molecular weight 
cytokeratins, with more intense staining in the corpus and cauda 
sections than the caput region (89). In cryptorchid testes the 
intensity of staining of low-molecular weight keratins, particularly 
cytokeratin 18, is markedly diminished (90). Intense CD10 
paraluminal staining of the columnar cells is evident both in the 
epididymis and vas deferens, a finding that has been utilized to 
ascertain the possible origin of glandular structures found adjacent 
to the epididymis or vas deferens (91). The intensity of the 
vimentin staining progressively declines in the cauda section (89). 
The mitochondria-rich apical cells, located primarily in the caput, 
show intense staining for cytokeratins and acid phosphatase and 
less intense reactivity for EMA and vimentin. Their configuration 
varies from slender cells extending from the basement membrane 
to the lumen to those that appear to be located only in the apex of 
the duct (Figure 37.23). Small foci of epithelium may rarely have 
the appearance of prostatic epithelium, including positive 
immunostaining for prostate-specific antigen. Whether this process 


represents metaplasia or ectopia is unclear (92). Epididymal cells 
may contain lipofuscin pigment, which tends to be more prominent 
in the caput segment and is particularly evident when there is 
obstruction of the epididymis (93). The lumens are generally round 
and regular. In up to 50% of individuals, a cribriform pattern is 
seen, which may represent either a normal variation or a 
hyperplastic process (85,94). Importantly, this changes should not 
be mistaken for intraepididymal spread from a testicular germ cell 
tumor or a primary epididymal carcinoma. The absence of either 
prominent nucleoli or mitoses should be helpful features 
Supporting a benign process. 


Figure 37.22 Epithelium of epididymis. Compare the tall 
columnar cells of the epididymis with the pseudostratified cells 
of the efferent ductulus. A few intraepithelial lymphocytes are 
present. The stereocilia are somewhat short, indicating the 
caudal segment. A layer of muscle cells forms the wall. 


Figure 37.23 Epithelium of caput epididymis, demonstrating 
clear cells and apical mitochondrial-rich cells (arrows). 


Intranuclear, eosinophilic, PASa€“positive, and  diastase-resistant 
inclusions (Figure 37.24), measuring 1 to 14 Aum, are found in the 
columnar cells of the adult epididymis as well as throughout the 
vas and seminal vesicles. Electron microscopic examination shows 
the electron-dense globules to be enclosed by a single membrane 
and to lack any features suggesting viral structures (95). They are 
most common in the distal epididymis and adjacent vas and least 
common in the ampulla of the vas and seminal vesicles. 
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Figure 37.24 Intranuclear inclusions present in the epithelium 
of the epididymis. Similar inclusions are found in the 
epithelium of the ductus (vas) deferens. 


The epididymis is supported by a thick basement membrane, 
surrounding which is a well-defined muscular coat. The latter plays 
an important role in sperm movement through the epididymis. 
Mast cells are found throughout the connective tissue of the 
epididymis in a pattern similar to that seen in the tunica and 
interstitium of the testis (96), being numerous in infancy, 
decreasing in childhood, and then increasing at the time of 
puberty. A progressive decline in numbers occurs in adulthood. 


ureter 


/ ibladder 


side duct of 
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ejaculatory duct 


Figure 37.25 Diagram of excretory duct system from the vas 
to the ejaculatory ducts. 


Ductus (VAS) Deferens 


The ductus (vas) deferens, a tubular structure arising from the 
caudal portion of the epididymis, measures 30 to 40 cm in length. 
The distal 4 to 7 cm portion is enlarged to form the ampulla. The 
latter joins the excretory duct of the seminal vesicle to form the 
ejaculatory duct (Figure 37.25). The adult vas is lined by a 
pseudostratified, columnar epithelium, composed of columnar cells 
and basal cells by light microscopic examination. Ultrastructural 
studies show four different cell types: principal cells, pencil or peg 


cells, mitochondria-enriched cells, and basal cells. The luminal 
surface of the columnar cell is lined by tall stereocilia throughout 
most of the vas (97). These stereocilia are substantially shorter 
and sparser in the ampullary region. Prominent intranuclear 
inclusions, as described above in the epididymis, may be seen 
(95). In addition, occasional lipid-positive vacuoles are present 
within the cytoplasm. The epithelium of the vas is thrown into 
folds, which are relatively simple in the proximal vas (Figure 
37.26) but become much more complicated in the ampullary 
segment (Figure 37.27). The ampulla has highly complex infoldings 
and many outpocketings or diverticula that reach into the muscle 
coat. Beneath the epithelium of the vas is a loose, connective 
tissue stroma that, after puberty, contains a well-defined, 
circumferentially oriented layer of elastic fibers (98). These fibers, 
lacking in infants and children, become frayed and fragmented in 
the aged vas. The muscle coat is an extraordinary thick structure 
with inner and outer longitudinal 
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coats and a middle oblique or circular zone. The entire muscle 
mass progressively decreases aS one approaches the ampulla, 
although the inner longitudinal layer becomes somewhat thicker as 
one progresses distally (97). The epithelium in the ampulla 
contains significant amounts of lipofuscin pigment and rather 
closely resembles the epithelium seen in the seminal vesicles. 
Active phagocytosis of degenerated spermatozoa has been 
demonstrated in the ampullary region of a number of mammalian 
species (99). 


Figure 37.26 Proximal ductus (vas) deferens. This cross 
section shows a thick muscle coat, tiny lumen, and slightly 
folded mucosa. 


Seminal Vesicles 


The seminal vesicles are paired, highly coiled, tubular structures, 
lying posterolateral to the base of the bladder and in a parallel 
path with the ampulla of the vas deferens (Figure 37.25). Each 
vesicle measures 3.5 to 7.5 cm in length and 1.2 to 2.4 cm in 
thickness in the adult. The main duct, which is duplicated in 
approximately 10% of individuals, measures 10 to 15 cm in length 
when unraveled. Six to eight first-order side ducts extend off the 
main duct, and several secondary side ducts are derived from 
these. The upper part of the main duct is bent backward in a 
hooklike fashion. A short excretory duct combines with the ampulla 
of the vas to form the ejaculatory duct (Figure 37.25). The wall of 
the seminal vesicle has a thin external longitudinal and a thicker 
internal circular muscle layer. The mucosal folds, relatively simple 


and shallow in infancy and childhood, become highly complex and 
alveolus-like in the reproductive years (Figure 37.28) and are 
blunted in the aged vesicle. The lumen may contain a few sloughed 
epithelial cells and debris. Commonly seen within the lumens are 
eosinophilic secretions, often with crystalloid structures. The latter 
usually have a platelike arrangement but sometimes appear as 
smaller crystalloids similar to those seen in the lumens of well- 
differentiated prostate carcinomas. Their significance is unknown, 
but one should be aware of their presence in biopsies where the 
seminal vesicle is inadvertantly sampled (100). Spermatozoa, 
refluxed from the ejaculatory duct, occasionally may be present, 
although they are not normally stored within the seminal vesicles. 


Figure 37.27 Ampullary region of ductus (vas) deferens. Note 
the complex folding and outpouching of the mucosa into the 
muscular coat. 


The vesicle epithelium is composed of columnar and basal cells. 
The former have short microvilli projecting from the surface. The 
cytoplasm characteristically contains a large amount of lipofuscin 
pigment, a feature important in recognizing these cells obtained by 


needle biopsy or aspiration cytology studies of the prostate. 
Similar lipofuscin pigment is found in the ampulla of the ductus 
deferens and in the epithelium of the ejaculatory ducts. The 
pigment has been divided into two different types, based on its 
appearance. Type 1 consists of coarse, highly refractile, golden 
brown granules of uniform diameter (1â€“2 Aug). Type 2 granules 
are much more variable in size (0.25a€"4 Aug), faintly or 
nonrefractile and yellow-brown, grey-brown, blue, or pink. 
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Both types 1 and 2 granules are found in the seminal vesicle, vas, 
and ejaculatory ducts, whereas only the type 2 granules are found 
in prostatic epithelium (101). 


Figure 37.28 Seminal vesicle: alveolus-like arrangement of 
mucosal folds and cross sections of side ducts. 


Figure 37.29 Seminal vesicle epithelium. Tall columnar cells 
line the lumen. A single hyperchromatic a€cemonstera€* cell 
is present. These cells should not be mistaken for malignant 
cells. 


An unusual feature of the seminal vesicular epithelium is the 
presence of peculiar, monstrous epithelial cells (Figure 37.29). 
Similar cells may be seen in the ampulla of the vas and, less 
commonly, more proximally in the vas or epididymis. These cells 
have enlarged, hyperchromatic, and often irregularly shaped nuclei 
and are found in approximately three-quarters of adult seminal 
vesicles. They are not seen in infants or children. Their genesis is 
unknown but may be related to endocrine influences, similar to the 
Arias-Stella cells seen in gestational endometrium. Because these 
cells may be encountered in both needle biopsy and aspiration 
biopsy specimens, the surgical pathologist must be alert to avoid 
identifying them as malignant cells (102). 


Also encountered in the muscle portion of the seminal vesicle are 
hyalin, pink globules (Figure 37.30), thought to represent 
degenerating smooth muscle cells. They also may be seen 


occasionally in the muscular coat of the vas and within the 
prostatic parenchyma (103). 


Ejaculatory Ducts 


The ejaculatory ducts are short (1.5 cm) paired ducts, arising from 
the confluence of the excretory duct of the seminal vesicle and the 
ampulla of the vas, that quickly converge and enter the prostate 
(Figure 37.31). They run through the central zone of the prostatic 
parenchyma and enter the posterior aspect of the distal prostatic 
urethra at the verumontanum (104). The outer portions of the 
ejaculatory ducts have a thin muscle coat that progressively 
becomes more attenuated as the ducts pass through the prostate. 
The epithelium of the ejaculatory ducts resembles that of the 
seminal vesicle and ampulla of the vas (Figure 37.32). On 
occasion, a needle biopsy of the prostate will sample a portion of 
one of these ducts, making it imperative that the surgical 
pathologist be aware of the characteristics of these cells. The 
presence and character of the lipofuscin pigment in the cytoplasm 
should give a clue to the cell origin. Immunoperoxidase stains for 
prostate-specific antigen demonstrate a sharp contrast between 
the positively stained prostatic parenchyma and the negatively 
stained cells of the intraprostatic ejaculatory ducts (Figure 37.33). 


Figure 37.30 Muscle coat of seminal vesicle showing a hyalin 
globule, which probably represents a degenerated smooth 
muscle cell. 


Testicular Appendages 


The testicular and paratesticular appendages are remnants of 
either the mesonephric duct or the paramesonephric (mAYallerian) 
duct (77). The four testicular appendages are 
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the appendix testis (hydatid of Morgagni), appendix epididymis, 
vas aberrans (organ of Haller), and paradidymis (organ of 
Giraldes) (Figure 37.1). 


Figure 37.31 Paired ejaculatory ducts within the prostatic 
parenchyma. This section is adjacent to the verumontanum of 
the prostatic urethra. 


Figure 37.32 Epithelium of prostatic portion of ejaculatory 
duct. This epithelium may be encountered in a needle biopsy 
or aspiration biopsy of the prostate and should not be 
misinterpreted as malignant. 


The appendix testis, a remnant of the cranial portion of the 
mAYallerian duct, is attached to the tunica vaginalis on the 
anterosuperior aspect of the testis just below the caput of the 
epididymis. Occasionally, it is attached to both the testis and the 
epididymis. It is most often sessile and either oval or fan-shaped 
(approximately 90%) and, less commonly, pedunculated 
(approximately 10%) and measures 0.5 to 2.5 cm in greatest 
dimension (Figure 37.34) (105,106). It is occasionally represented 
by only a slight roughening or a calcified thickening of the tunica 
vaginalis. Approximately 80% of individuals have an appendix 
testis, with bilaterality in one-third of them. The appendix is 
covered by a cuboidal or columnar epithelium, which may be 
ciliated (Figure 37.35). The structure has a highly vascular fibrous 
core, containing variable numbers of smooth muscle cells. Tubular 
invaginations and small glandlike structures may also be found in 
the stroma. Rarely, a macroscopic cyst may be present. Because 
of its pedunculated structure, the appendix testis can become 
twisted, causing hemorrhagic infarction and producing severe 
testicular pain (107). This event occurs most often in prepubertal 
or pubertal boys and may be related to the presence of androgen 
and estrogen receptors known to be present in the appendix 
epithelium (and the appendix epididymis) and the possible growth 
of the appendix as a result of stimulation by androgens and 
estrogens at this period of time (108). 


Figure 37.33 Intraprostatic ejaculatory duct (right) and 
adjacent prostatic tissue (left). Prostate-specific antigen 
immunoperoxidase from the central zone of the prostate is 
used to demonstrate strongly positive cytoplasmic staining of 
the prostatic secretory cells and negative staining of 
ejaculatory duct epithelium. 


Figure 37.34 Appendix testis. This specimen was an 


incidental finding in a surgically removed testis. It was 
pedunculated and measures 0.9 cm in greatest length. 


The appendix epididymis (Figure 37.36), a remnant of the most 
cranial portion of the mesonephric duct, is present in 
approximately 25% of testes (106). It is almost invariably cystic, 
the vesicle lumen being filled with amorphous protein secretions. 
The epithelium lining the cyst is 

P.960 
columnar and often ciliated (Figure 37.37). The external surface is 
covered by a flattened layer of serosal cells. Because it may be 
pedunculated, it is also subject to torsion and infarction. 


Figure 37.35 Appendix testis with covering of low columnar, 
nonciliated epithelium. 


Figure 37.36 Appendix epididymis. A pedunculated cystic 
structure is attached to the caput of the epididymis. 


The other appendicular structures are derived from remnants of 
either the mesonephric tubules or the paramesonephric ducts and 
are variably encountered in the fat, usually as microscopic 
incidental findings. These are the vas aberrans inferior, the vas 
aberrans superior, and the paradidymis. They all have somewhat 
similar histologic features, with a low columnar epithelium lining a 
small cystic space and a thin muscular coat. Some investigators 
collectively refer to these structures as the paradidymis (109). The 
vas aberrans inferior is a tubular structure (Figure 37.38) located 
near the junction of the vas and the caudal portion of the 
epididymis and which may or may not communicate with either 
Structure. 


Figure 37.37 Appendix epididymis. Low columnar epithelium 
lines the cystic space. The outer covering of simple squamous 
epithelium has become stratified at the point of attachment to 
the caput of the epididymis (arrow). 


Figure 37.38 Vas aberrans inferior. A tubular structure is 
found near the caudal portion of the epididymis. 


The vas aberrans superior is a small collection of tubules located 
near the caput or body of the epididymis. It may communicate 
with the epididymis or the rete testis. Remnants of the vas 
aberrans may be the origin of cord cysts, seen sporadically in 
isolated individuals, in patients whose mothers had been treated 
with diethylstilbestrol (110), or in patients with von Hippel-Lindau 
syndrome (111). 


The paradidymis is represented by one or more tubules embedded 
in the spermatic cord, adjacent to the ductus (vas) deferens, and 
near the caput of the epididymis. These tubules may be 
encountered in a section of the wall of an inguinal hernia sac and 
should not be mistaken for a portion of the ductus deferens (112). 
The relatively thick muscle coat of the true vas should allow for 
the correct interpetation. Rarely, macroscopic cysts may form in 
the spermatic cord (113). 


Although not part of the paradidymis, infrequently one may find 
adrenal cortical rests in the fat of the spermatic 
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cord, adjacent to the vas, the epididymis or the rete testis (Figure 
37.39). Very rarely, adrenal medullary tissue may also be present. 
Even less commonly seen is splenogonadal fusion, in which the 
splenic and gonadal anlages fuse in early embryonal life. This 
process is almost always on the left side and most commonly is 
found as an incidental finding in a cryptorchid testis (Figure 
37.40). Occasionally it presents as a mass in the scrotum or 
inguinal canal. 


Figure 37.39 Adrenal cortical rest in fat adjacent to the 
epididymis. 


Figure 37.40 Splenogonadal fusion of a cryptorchid testis in a 
3-year-old child. Spleen is on the left and gonad on the right. 


Gubernaculum 


The gubernaculum has been the center of attention with respect to 
the descent of the testis since it was first described by John 
Hunter in 1762, and its specific role is still being debated. In the 
fetus, this cylindrical, gelatinous structure is attached cranially to 
the testis and epididymis (Figure 37.41) and caudally to the 
anterior abdominal wall at the site of the inguinal canal. Just 
before the descent of the testis through the inguinal canal, the 
gubernaculum increases in net weight disproportionately to the 
testis, Supporting the theory that this structure plays a crucial role 
in this phase of the passage of the testis into the scrotum. 


Figure 37.41 Gubernaculum and cranial attachment to 
epididymis and testis in a 26-week-old fetus. 


Histologically, the fetal gubernaculum is composed of a loose 
undifferentiated mesenchymal tissue similar to Wharton's jelly. 
Large amounts of glycosaminoglycans fill the extracellular space 
and separate the individual spindle cells. At the periphery of the 
gubernaculum, where it attaches to the inguinal wall, a few 
Striated muscle cells can be identified. These fibers are derived 


from the developing cremaster muscle. The cranial portion of the 
early fetal gubernaculum is completely devoid of striated muscle. 
After the testis descends into the scrotum, the gubernaculum 
undergoes degenerative changes, loses much of the intercellular 
matrix, and becomes infiltrated by blood vessels, collagen fibers, 
and striated muscle. 
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Introduction 


Three cylindrical, firmly adherent, tubular erectile tissues (the 
corpora cavernosa and the corpus spongiosum) and the pendulous 
urethra are the basic constituents of the penis that can be subdivided 
into a distal portion that includes glans, coronal sulcus, and foreskin 
and a proximal portion, the corpus or shaft (1) (Figure 38.1). The 
vast majority of penile carcinomas arise from the distal portion of the 
organ (Figure 38.2). 


Distal Penis 
Glans 


Anatomic Levels of the Glans (Figure 
38.2) 


e Epithelium 

e Lamina Propria 

e Corpus Spongiosum 
e Tunica Albuginea* 


e Corpus Cavernosum* 


Footnote 


* The distal portions of the corpora cavernosa encased by the tunica 
albuginea are part of the glans in 77% of the cases. 


Anatomic Features 


The conically shaped glans, covered by a pink smooth mucous 
membrane, is the most distal portion of the organ and shows in its 
central and ventral region, the meatus urethralis. The expanded 
anterior end of the corpus spongiosum, which has the shape of an 
obtuse cone similar to the cap of a mushroom, is the central and 
main tissue of the glans. It is molded over and attached to the blunt 
extremity of the corpora cavernosa and extends farther over their 
dorsal than their ventral surfaces (1). The base of this conus is an 
elevated rim or border, the corona, occupying 80% of the 
circumferential head of the glans; it is interrupted in the ventral 
portion of the glans by the mucosal fold of the 
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frenulum (Figure 38.1). The diameter of the corona is wider than the 
shaft and the remainder of the glans.Within the corpus spongiosum, 
there is the distal portion of the urethra that opens at the summit of 
the glans as a vertical, slitlike external orifice termed the urethral 
meatus (Figures 38.1,38.2). Normal anatomical structures frequently 
found in sexually active males and commonly located in the proximal 


glans are called pearly penile papules, hirsutoid papillomas, or 
papillomatosis corona penis or glandis (2,3,4,5). Grossly, they 
appear as 1- to 3-mm skin-colored, domed papules evenly distributed 
circumferentially around the corona and extending proximally on 
each side of the frenulum. They may be mistaken for warts and be 
the source of much anxiety for worried adolescents (2). 


Figure 38.1 The penis can be subdivided in a distal portion that 
includes glans (G), coronal sulcus (COS), and foreskin (F) and a 
proximal portion, the corpus or shaft (S). (M urethral meatus; 
GC, glans corona; FR, frenulum) 


Considering the glans as the distal tissues to a line passing through 
the coronal sulcus, the distal portions of the corpora cavernosa 
encased by the tunica albuginea extend out into the glans in 
approximately 77% of the cases (Figure 38.3) (6). However, since 
they are the main constituents of the shaft, they are discussed in 
detail in that section. 


TA DT 


U pr OCS 


Figure 38.2 Diagram illustrating the distal portion of the penis, 
which includes glans (GL), coronal sulcus, and foreskin. (E, 
epithelium; LP, lamina propria; CS, corpus spongiosum; TA, 
tunica albuginea; CC, corpus cavernosum; DT, dartos; SK, skin; 
U, urethra; MU, meatus urethralis; PF, penile, or Buck's, fascia. 


Figure 38.3 The distal portion of corpora cavernosa encased by 
the tunica albuginea is part of the glans in the majority of cases. 
The diagonal line passing through the coronal sulcus divides 
glans from shaft. 


Microscopic and I mmunohistochemical 
Features 


Epithelium 

Both circumcised and intact (uncircumcised) men have partially 
keratinized stratified squamous epithelium five to six layers thick 
(Figure 38.4). Some textbooks state that the circumcised glans is 
much thicker and more keratinized than in an intact man, but no 
well-controlled studies support this belief. The superficial cells 
usually contain no glycogen. The normal squamous epithelium is 
usually positive for the cytokeratins AE1/AE3, 34Bel2 and CK7, and 
the epithelial membrane antigen (EMA). It is negative for the 
cytokeratins CAM 5.2 and CK20. Langerhans 
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cells are found scattered among keratinocytes, and they are 
increased in number in different inflammatory conditions. Langerhans 
cells express S-100 protein and CDla (Figure 38.5). Very rare Merkel 
cells are also present, and they are very difficult to demonstrate by 
routine or immunohistochemical techniques. They are usually 
negative for chromogranin and positive for CK20 (7). The glans 
epithelium and the mucosal epithelium of the foreskin appear to not 
contain melanocytes (8,9). Rarely, mucus-producing cells can be 
noted in the perimeatal region of the glans epithelium (10). They 
may be the source of the adenosquamous carcinoma of the glans 
penis. Intraepithelial free nerves ending close to the surface of the 
epithelium are noted (11). No adnexal or glandular structures are 
present in the glans. Histologically, the pearly penile papules appear 
like fibrovascular papillary projections lined by squamous epithelium 
(Figure 38.6) (2). No koilocytosis is seen in these structures. 


Figure 38.4 The three layers of the glans are noted: partially 
keratinized stratified squamous epithelium, lamina propria, and 
corpus spongiosum. 


Figure 38.5 CDla immunostain highlights the presence of 
scattered Langerhans cells in the glans epithelium. 


Figure 38.6 Pearly penile papule appears histologically as a 
papillary structure with a fibrovascular core lined by squamous 
epithelium with no evidence of koilocytosis. 


Lamina Propria 


The lamina propia is the prolongation of the foreskin lamina propria 
and separates the corpus spongiosum from the glans epithelium. In 
the glans, the loose connective tissue of the penile fascia and the 
fibrous tunica albuginea are lacking so that the lamina propria 
adheres firmly to the underlying corpus spongiosum (Figure 38.4) 
(12). The connective tissue of the lamina propria is somewhat similar 
to that of the corpus spongiosum, although it is more compact and 
contains fewer peripheral nerve bundles and elastic fibers than the 
erectile structure. The transition between lamina propria and corpus 
spongiosum is sometimes difficult to determine at medium or high 
magnifications. However, at low power or even after a careful gross 
inspection or with a magnifying lens, this delimitation is evident and 
follows a line corresponding to the geographic limit of the extension 
of venous sinuses of the corpus spongiosum. The thickness of the 
lamina propria varies from 1 mm at the glans corona to 2.5 mm near 
the meatus. Scattered specialized genital corpuscles are identifed in 
the lamina propria underneath the squamous epithelium. These 
genital corpuscles are found mainly in the glans corona and frenulum 
and may be less numerous in the glans when compared to the 
foreskin. Additional quantitative studies are needed to confirm or 
deny this belief. A predominance of free nerve endings over the 
genital corpuscles has been described in the glans (8,13). A few 
dermal Merkel cells have been identified at the end of the free 
nerves. 


Corpus Spongiosum 


The corpus spongiosum is the principal tissue component of the glans 
penis and is composed of specialized venous sinuses (Figure 38.7). 
In the glans, the erectile tissue has the character of a dense, venous 
plexus (12). As compared to the corpora cavernosa, the interstitial 


fibrous connective tissue of the corpus spongiosum is more abundant 
and 
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contains more elastic fibers and less smooth muscle bundles (14,15) 
(Figures 38.8,38.9). The stroma between the vascular spaces is a 
loose fibrous tissue containing some nerve endings and lymphatic 
vessels. In this erectile tissue, we also find nutritional veins and 
arteries (Figure 38.8). 


Figure 38.7 Glans. Higher power view of the corpus spongiosum 
showing specialized venous sinuses. 


Figure 38.8 Corpus spongiosum. The interstitial fibrous 
connective tissue is more abundant and contains more elastic 
fibers than in the corpus cavernosum. Note the presence of 
nutritional veins and arteries in the interstitium of this erectile 
tissue. (Van Giesson's elastic stain.) 


Coronal Sulcus 


Anatomic Levels of the Coronal Sulcus 


e Epithelium 
e Lamina Propria 


e Buck's Fascia 


Figure 38.9 Corpus spongiosum. The interstitial fibrous 
connective tissue contains fewer smooth muscle fibers than does 
the corpus cavernosum (Masson's trichrome). 


Anatomic Features 


The coronal sulcus is a narrow and circumferential cul-de-sac located 
proximal to the glans corona (Figure 38.1,38.2). It is found in both 
lateral and dorsal aspects of the penis but not in the ventral region, 
which is occupied by the frenulum, a mucosal fold that fixes the 
foreskin to the inferior portion of the glans, just below the urethral 
meatus. The mucous membrane of the glans continues to cover this 
region as well as the inner surface of the foreskin. 


Microscopic and I mmunohistochemical 
Features 


Three histologic layers are seen in the coronal sulcus: (a) the 
Squamous epithelium, identical to the glans epithelium; (b) a thin 
lamina propria, or chorion, which is a prolongation of the foreskin 


and glans lamina propria; and (c) Buck's fascia and the point of 
insertion of some of smooth muscle fibers coming from the penile 
body dartos (Figure 38.10). 


The coronal sulcus has been reported as the most frequent site of so- 
called Tyson's glands (1,14,16,17,18,19,20), described as modified 
sebaceous glands and reported as responsible for smegma 
production. Smegma represents epithelial debris and secretions 
collected in this space (21). There has been some question about the 
existence of the Tyson's glands (8,21,22). Several studies with 
numerous tissue sections failed to demonstrate these glands (21,23). 
We could not find Tyson's glands in a pathologic study of 67 totally 
sectioned penises removed for carcinoma of the penis. Apparently 
the original descriptions by Tyson (24) were based on primate 
studies that could not be confirmed in humans. After circumcision, 
occasionally some sebaceous glands can be found in the mucosa 
adjacent to the skin. They are probably skin sebaceous glands 
misplaced after surgery. Sebaceous glands associated with or without 
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hair follicles are found in the penile shaft and cutaneous aspect of 
the foreskin. We have observed the presence of sebaceous glands 
that are nonrelated to hair follicles at the mucocutaneous junction of 
the foreskin and adjacent mucosa but not in the coronal sulcus. The 
presence of sebaceous gland hyperplasia or ectopic sebaceous glands 
(Fordyce's condition) is more frequent on the penile shaft and 
foreskin but may also occur in the glans (2). 


Figure 38.10 A section of the coronal sulcus. Histologic 
components of both glans and penile body are present. This 
specimen from an uncircumcised person (a portion of the foreskin 
is seen on top) shows the squamous epithelium (right), lamina 
propria below, then Buck's fascia and dartos smooth muscle 
bundles (left). 


Foreskin 


Anatomic Levels of the Foreskin 


e Epidermis 

« Dermis 

e Dartos 

e Lamina propria 


e Epithelium 


Anatomic Features and Circumcision 


The foreskin, or prepuce, is a unique genital structure of primates 
that has been present for over 65 million years, and it is present in 
all living primates and most mammals. The foreskin is the 
prolongation of the shaft's skin and normally covers most of the 
glans, reflecting beyond itself and transforming into a mucosal inner 
surface. This mucous membrane covers the coronal sulcus as well as 
the surface of the glans (Figures 38.1,38.2). Grossly, the adult 
foreskin shows a cutaneous surface that is dark and wrinkled and a 
mucosal surface that is pink to tan (Figure 38.11). 


From very early years to the present, there have been discussions 
and controversies regarding the role of the foreskin and the 
importance of circumcision (25,26,27,28), a type of surgery known to 
mankind as early as 12,000 BCE and practiced for religious or tribal 
rites by, among others, Egyptians, Jews, Muslims, and Aztecs 
(29,30). Although circumcision has been practiced for thousands of 
years, circumcision of infants has only been practiced for 
approximately 4000 years, as described in Genesis 17. Circumcision 
on the eighth day represents a mark of the covenant between God 
and the Jewish people. Genesis 17 marks a significant change in the 
circumcision ritual since before this time circumcision was always 
performed on young boys and adolescents. Preputial functions are 
related to protection of the glans from external irritation or 
contamination, and it has been shown that the foreskin is normal 
erogenous tissue (8,31,32). 


Figure 38.11 Gross appearance of an adult foreskin (prepuce). 
The cutaneous surface (top) is darker and more wrinkled. The 
mucosa (bottom) is pale beige and slightly irregular. A squamous 
cell carcinoma is present in the mucosal surface, the most 
common location of preputial carcinomas. 


In addition, it has been demonstrated that the squamous mucosa of 
the glans, coronal sulcus, and foreskin are fused during the 
embryologic development of the penis (Figure 38.12), and they can 
be considered as one tissue compartment. The fused mucosa of the 
glans and inner lining of the foreskin separate gradually over the 
years (8). Most newborn males show an unretracted foreskin at the 
time of delivery (33). When boys reach the age of 5 to 6 years, the 
foreskin can be completely retracted in most cases beyond the level 
of the glans corona, but in some cases this can be done only at 
puberty. According to these observations, a tight preputial orifice due 
to an immature preputial plate does not represent an adhesion but a 
normal stage of penile development. Therefore, neonatal 
circumcision before the foreskin has naturally separated involves 
tearing the common prepuce/glans mucosa apart, with the possible 
complications of excoriation and injury to the glans and ablation of 
the frenular artery and meatal stenosis (8). 


On the other hand, different studies have been published suggesting 
that circumcision may reduce the risk of penile carcinoma, urinary 
tract infection, common sexually transmitted diseases, and human 
immunodeficiency virus 
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infection (25,34,35). It has also been proposed that the mucosal 
inner surface of the foreskin from newborns shows a propensity to be 
colonized by fimbriated bacteria, with the subsequent occurrence of 
serious urinary tract infection (36). A recent study suggested that 
male circumcision is beneficial because it is associated with a 
reduced risk of penile HPV (human papillomavirus) infection and, in 
the case of men with a history of multiple sexual partners, a reduced 
risk of cervical cancer in their current female partner (37). However, 
it appears clear that the risk of sexually transmitted disease, 
including HPV infection, correlates with sexual behavior, and 
behavioral factors appear to be a far more important risk factor than 
circumcision status. 


Figure 38.12 Fused squamous mucosa of the glans, coronal 
sulcus, and foreskin during the embryologic development of the 
penis. Note the common immature epithelial plate (center).The 


dense stromal cells of the glans will form the corpus spongiosum 
(right). The lamina propria of the glans is not yet formed. The 
foreskin is on the left. 


Review of existing literature supports that most children who are 
uncircumcised do well from a medical standpoint and, thus, the 
question of whether U.S. health care practitioners are subjecting 
neonates to an unnecessary surgical procedure remains (35). The 
clearest medical benefit of circumcision is the relative reduction in 
the risk for a urinary tract infection, especially in early infancy. 
Although this risk is real, the absolute numbers are small (risk 
ranges from 1 in 100 to 1 in 1000). Most of the other medical 
benefits of circumcision probably can be realized without circumcision 
as long as access to clean water and proper penile hygiene are 
achieved (35). Moreover, proper hygiene and access to clean water 
has been shown to reduce the rate of development of squamous cell 
carcinoma of the penis in the uncircumcised population (38), and the 
American Academy of Pediatrics stated that the benefits of male 
circumcision are not significant enough to merit its routine use. (35). 


In adult populations, the variable length of the foreskin has 
motivated some studies, especially those related to the relation of 
length and amount of smegma in the balanopreputial sulcus 
(25,30,39). Phimosis is found in 4% of boys 6 to 17 years of age, but 
with a diminishing incidence in later years (from 8% in the 6- to 7- 
year-old group to 1% in the 16- to 17-year-old group) (39). In 
nonphimotic boys, where the preputial space can be inspected, 
smegma is present in 5% of the cases. Production of smegma 
appears to increase in quantity in the 16- to 17-year-old group (39). 
In a recent prospective study in a high-risk population, we found that 
long phimotic foreskins were significantly more frequent in patients 
with penile carcinoma as compared with the general population (25). 
Coexistence of a long foreskin and phimosis may explain the high 
incidence of penile cancer in some geographic regions, and 


circumcision in patients with long and phimotic foreskins living in 
high-risk areas may be indicated (25). However, additional studies 
are necessary to confirm whether the length of the foreskin is a 
Significant risk factor, when all other known risk factors (multiple sex 
partners, foreskin tears, lack of indoor plumbing, tobacco use, etc.) 
are controlled. Also, studies in nonmestizo populations, in particular 
European countries that have low circumcision and low cancer rates, 
would be interesting. 


Figure 38.13 Full-thickness of the foreskin showing all five 
layers: keratinized stratified squamous epithelium (top), dermis, 
dartos, submucosa, and squamous epithelium of the mucosal 
portion (bottom). 


Microscopic and I mmunohistochemical 
Features 


The male foreskin is formed by a midline collision of ectoderm, 
neuroectoderm, and mesenchyme, resulting in a pentalaminar 


structure (8). There are five layers in the histologic evaluation of the 
foreskin (Figure 38.13): 


e The epidermis consists of a keratinized stratified squamous cell 
epithelium that is similar to the epidermis seen in the cutaneous 
tegument. Melanocytes, Langerhans cells, and Merkel cells are 
also present. Compared to the mucosal epithelium, the epidermis 
is thinner with better developed rete ridges and usually a 
pigmented basal layer (Figure 38.14). Vellous hairs, sebaceous, 
and sweat glands may be seen connected to the epidermis. 
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Figure 38.14 Compared to the mucosal epithelium, the 
epidermis is thinner with better developed rete ridges and 
usually a pigmented basal layer. The ductal portion of sweat 
glands connected to the epidermis can be appreciated in this 
photomicrograph. 


Figure 38.15 Smooth muscle bundles, the main component 
of the preputial dartos, are shown in red (Masson's 
trichrome). 


P.971 

e The dermis of the foreskin consists of connective tissue with 

blood vessels and nerve bundles. Meissner corpuscles are present 

in the dermal papillae and a few Vater-Pacini corpuscles in 

deeper areas. Few vellous hair structures and sebaceous and 

sweat glands are noted, and they are not present beyond the 

dartos. The dermis appears to have more elastic fibers than does 

the lamina propria. 


e The dartos consists of smooth muscle fibers invested with elastic 
fibers, and it is the central axis of the foreskin (Figure 38.15). 
From the foreskin, the delicate penile dartos muscle surrounds 
the penile shaft and is continuous with the scrotal dartos muscle. 
Similar to the penile body dartos, the smooth muscle fibers vary 
in their disposition. At the level of the edge of the foreskin, the 
fibers are transversely arranged to form a sphincter to close this 


edge over the anterior end of the glans. There are numerous 
nerve endings in close association with the smooth muscle fibers 
(Figure 38.16). Nerve bundle density in the foreskin was noted to 
be highest in the ventral preputial tissue (mean: 17.9 
bundles/nm) as opposed to lateral (8.6/nm) or dorsal (6.2/nm) 
tissues (40). A few Vater-Pacini corpuscles may be found 
scattered between these nerve bundles (Figure 38.17). 


Figure 38.16 Neurofilament immunostain highlights 
numerous free nerve endings associated with smooth muscle 
bundles in the foreskin dartos. 


Figure 38.17 A Vater-Pacini corpuscle is present deep in the 
dartos layer of the foreskin. 


e The lamina propria, or chorion, is composed of a vascular 
connective tissue looser than the glans lamina propria. Scattered 
genital corpuscles and free nerve endings are seen in the lamina 
propria immediately underneath the epithelium. The genital 
corpuscles are usually found in clusters of three to five (Figure 
38.18). Some authors believe that the corpuscular receptors are 
more numerous at the mucocutaneous junction of the foreskin; 
this assertion needs further study (8,31). The mucosal lamina 
propria is devoid of lanugo hair follicles and sweat and sebaceous 
glands. We have observed 
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a few specimens with rare sebaceous glands unrelated to hair 
structures at the mucocutaneous junction and immediately 
adjacent foreskin mucosa, but it is not clear if these represent 
ectopic glands or variation of normal anatomy. 


Figure 38.18 The genital corpuscles are usually found in 
clusters of three to five underneath the mucosal epithelium, 
in the lamina propria of the foreskin (neurofilament 
immunostain). 


Figure 38.19 The squamous epithelium of the mucosal 


portion of the foreskin is usually thicker with more irregular 
and broad rete ridges than in the cutaneous portion. Adnexal 
structures are absent. 


e The squamous epithelium (Figure 38.19), which is identical to 
and a prolongation of the glans and coronal sulcus' epithelia 
except that the basal layer shows a progressive pigmentation 
toward the free edge of the foreskin where it reaches the skin 
epidermis. The immunohistochemical features of this epithelium 
are identical to the glans squamous epithelium. Langerhans and 
Merkel cells are present but not melanocytes. Intraepithelial 
nerves have been described (8,11). 


Proximal Penis (Or Shaft) 


Anatomical Levels of the Penile Shaft 


Epidermis 


Dermis 


Dartos 


Buck's fascia 


Tunica Albuginea 


Corpora cavernosa 


Corpus spongiosum 


Anatomic Features 


The penile shaft, body, or corpus, of the penis is mainly composed of 
three cylindrical masses of erectile tissue, the two corpora cavernosa 


and a corpus spongiosum with central urethra (Figure 38.20Aa€“B). 
The posterior portion of the corpora cavernosa are two divergent and 
gradually tapering structures, called the crura, that insert in the 
ischiopubic bone from where they converge to fuse at the level of the 
inferior portion of the pubic symphysis. The distal three-fourths of 
the two corpora cavernosa are intimately bound together and make 
up the greater part of the shaft of the penis. They retain a uniform 
diameter in the shaft and terminate anteriorly in a bluntly rounded 
extremity, being embedded in a cap formed by the corpus 
spongiosum of the glans (1). The erectile tissue of the corpora 
cavernosa is a vast, spongelike system of irregular vascular spaces 
fed by the afferent arteries and drained by the efferent veins. In the 
flaccid condition of the organ, the cavernous spaces contain little 
blood and appear as collapsed irregular clefts. In erection they 
become large cavities engorged with blood under pressure (14). 


The corpora cavernosa are surrounded by a firm, thick, fibrous 
envelope, the tunica albuginea. In the flaccid state the tunica 
albuginea measures 2 to 3 mm in thickness and becomes thinner 
(about 0.5 mm) during erection. On longitudinal sections of the 
organ, the albuginea covering the corpora cavernosa terminates in a 
a€ce>a€* -shaped pattern variably ending beyond or at the level of 
coronal sulcus or, less frequently, behind it (Figure 38.20Aa€“B) (6). 
The tunica albuginea enveloping the corpora cavernosa is thicker and 
less elastic than that surrounding the corpus spongiosum (14,15). 
The superficial longitudinal fibers of the tunica albuginea form a 
single tube that encloses both corpora cavernosa while the deep 
fibers are arranged circularly around each corpus, forming the 
septum of the penis by their junction in the median plane (Figure 
38.21) (1). The septum is thick and complete in the proximal shaft 
and discontinous distally. A shallow groove that marks their junction 
on the upper surfaces lodges the deep dorsal vein of the penis. 


The corpus spongiosum and central urethra are located in the 
concave space on the undersurface of both corpora cavernosa (Figure 
38.21). The middle portion of the corpus spongiosum located in the 


penile shaft is a uniform cylinder somewhat smaller than the corpus 
cavernosum. At its ends, it expands, the distal extremity forming the 
glans and the proximal forming the bulb. The urethra enters the 
corpus spongiosum 1 to 2 cm from the posterior extremity of the 
bulb by piercing the dorsal surface. The bulb is just Superficial to the 
urogenital diaphragm, and its posterior portion projects backward 
towards the anus beyond the entrance of the urethra. 


The three cylindrical structures forming the penile shaft are covered 
by a thin, delicate, and elastic skin. Beneath the dermis, there is a 
discontinuous smooth muscle layer called the dartos (Figure 38.21) 
embedded in a thin layer of connective tissue corresponding to the 
Superficial fascia of the classical descriptions. Between the dartos 
and the albuginea, there is a highly elastic yellowish tubelike sheath 
encasing all three corpora cavernosa and spongiosum; this is 
designated as Buck's fascia (deep penile fascia of the classical 
descriptions) (Figures 38.20Aa€“B, 38.21). A septum of fascia 
extends inward between the corpora cavernosa and the corpus 
spongiosum, providing separate tubular investments for these 
columns of erectile tissue and dividing the penis into its dorsal 
(corpora cavernosa) and ventral (corpus spongiosum) 
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portions as can be also seen via CT (computed tomography) or MRI 
(magnetic resonance imaging) (41). When using the terms fascia or 
penile fascia in this chapter, we are referring to the Buck's fascia 
since the superficial fascia is just part of the connective tissue 
Surrounding the dartos. 


Figure 38.20 Gross picture (A) and diagram (B) of two 
longitudinal sections of a partial penectomy specimen with a 
Small squamous cell carcinoma (CA) located in the coronal sulcus 
(COS). The albuginea (in white) surrounds the corpus 
cavernosum. The diagram from a parallel but more central 
section of the same specimen, illustrates the urethra running 
within the corpus spongiosum. (F, foreskin; GL, glans; PF, Buck's 
fascia; CS, corpus spongiosum; CC, corpus cavernosum). 


Microscopic Features 


Skin 

The skin covering the penile shaft is rugged and elastic. It shows a 
thin epidermis composed of a few cell layers and minimal 
keratinization. The epidermal papillae are thin and deep. The basal 
layer is hyperpigmented. Hair follicles are present in the dermis of 
the penile body and are more numerous in the proximal body. Hair 
follicles and other adnexa can extend out to the cutaneous foreskin 
in some individuals. They are scanty and contain no _ piloerector 
muscle. There are a few sebaceous glands not related to hair 
follicles. Occasionally there are also poorly developed sweat glands. 


Figure 38.21 Cross section of the penis illustrating both corpora 
cavernosa (CC), each surrounded by the tunica albuginea (TA); 
they form the septum of the penis by their junction in the median 
plane. A shallow groove that marks their junction on the upper 
surfaces lodges the deep dorsal vein of the penis (DV). The 
dorsal arteries are located on both sides of the vein. Note the 
corpus spongiosum (CS) and central urethra (Ur) located in the 
concave space on the undersurface of both corpora cavernosa. 
(BF, Buck's fascia; Dt, dartos) 


Dartos 


The penile dartos is composed of a discontinuous layer of smooth 
muscle fibers, variably arranged in transverse and longitudinal 
branches. Some bundles end at the balanopreputial sulcus while 
others run farther to become the preputial dartos. The dartos is 
embedded in a loose fibrovascular connective tissue with numerous 
nerve bundles that correspond to the superficial penile fascia of the 


classical anatomic description, and it is the skin equivalent of the 
penile hypodermis but without adipose tissue (1). The penile dartos, 
similar to scrotal smooth muscle fibers, produces a retraction of 
genital structures when the exterior temperature falls. 


Buck's Fascia 


The Buck's fascia is a fibroelastic continuous membrane that encases 
the corpora cavernosa and the corpus spongiosum. It is composed of 
loose connective tissue with numerous blood vessels and peripheral 
nerve bundles running within and beneath it. Vater-Pacini corpuscles 
are often seen in the penile fascia. The yellow color is related to the 
numerous elastic fibers and adipose tissue present in the fascia 
(Figure 38.22). The skin and dartos slide over this fascia. The Buck's 
fascia is a well-developed sheath of close up fibrovascular tissue that 
is very important from the 
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surgical pathology point of view since it is a frequent pathway of 
tumor invasion in penile cancer progression (42). This is most likely 
due to the loose quality of this tissue and the presence of numerous 
lymphovascular and neural structures. Some investigators point to 
Buck's fascia as the site of origin of Peyronie's disease (43). 


Figure 38.22 The Buck's fascia is composed of loose connective 
tissue with adipose cells and numerous blood vessels and 
peripheral nerve bundles. 


Tunica Albuginea 


The tunica albuginea is a thick sheath of partially hyalinized collagen 
fibers covering both the corpora cavernosa and corpus spongiosum. 
It is a poorly vascular structure, with only a few branches of 
circumflex vessels traversing through it, as demonstrated by factor 
VIII and CD31 immunostains. It is mainly composed of collagen 
fibers arranged in an outer longitudinal and an inner circular layer 
(14,15). The outer layer, which appears to determine the variation in 
the thickness and strength of the tunica, is absent in the ventral 
portion of the corpus spongiosum, transforming this portion of tunica 
into a vulnerable area to perforation. This anatomic aspect probably 
explains why most prostheses tend to extrude in this area (44). The 
tunica albuginea forms an incomplete fibrous septum separating both 
corpora cavernosa. The collagen fibers are wavy in the flaccid state 
and become straight during erection. The fibers are arranged in such 
a way so as to permit some elasticity necessary for erection. Elastic 
fibers are rare in the tunica albuginea of the corpora cavernosa. The 
tunica albuginea surrounding the corpus spongiosum is thinner and 
contains more elastic fibers than the one around the corpora 
cavernosa. In some unusual cases of Fournier's gangrene (45), an 
infection of the lower urinary tract can spread to the corpus 
spongiosum. Eventually the tunica albuginea may be penetrated; 
and, with involvement of Buck's fascia, the infection can rapidly 
spread to the dartos and directly extend to Colles' scrotal fascia and 
Scarpa's fascia of the anterior abdominal wall. The infection can 
spread to the buttocks, thigh, and ischiorectal space (46). The tunica 
albuginea is probably the real barrier to infiltration of Squamous cell 


carcinoma, contrary to the old concept that the Buck's fascia was the 
barrier to the spread of the cancer (47). 


Corpora Cavernosa 


The corpora cavernosa are the main anatomic structures used during 
erection. The substance of the corpora cavernosa consists of a three- 
dimensional network of trabeculae. These are composed of 
connective tissue and smooth muscle and are covered by 
endothelium, creating a network of interanastomosing vascular 
Spaces between them. These spaces tend to be larger in the more 
central parts of each corpus cavernosum and smaller at their 
periphery (14,15). It seems that the smooth muscle bundles are the 
main component of the trabeculae in the corpora cavernosa (Figure 
38.23). There is a highly structured criss-crossing of interconnected 
fibers and spaces that are tensed as the cylinder expands during 
erection (48,49). This creates an internal strength and rigidity that is 
far greater than that possible in a hollow tube filled to equivalent 
pressure. This specialized network appears to be necessary for 
erection (49). In the flaccid state, the vascular spaces are 1-mm slits 
that increase several times in diameter with erection. The 
interconnection between the venous sinuses is so wide that if a 
contrast is injected at one point, both corpora cavernosa can be 
immediately and completely visualized. The precise nature of 
vascular connections between the corpora cavernosa and corpus 
spongiosum remains controversial. Cavernospongious arterial 
anastomoses were described by different authors; however, their 
physiological role in erection remains unknown (50). These arterial 
anastomoses could explain 
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how drugs penetrate into the corpora cavernosa via the corpus 
spongiosum after transurethral diffusion (50,51). No arteriovenous 
shunts or venous connections were found between the corpora 
cavernosa and the corpus spongiosum (51). 


Figure 38.23 Corpus cavernosum. The interstitial fibrous 
connective tissue contains more smooth muscle fibers than in the 
corpus spongiosum (Masson's trichrome). 


A progressive increase of collagen fibers and decrease of smooth 
muscle and elastic fiber may be seen in the cavernous trabeculae 
over the course of time (52). 


Corpus Spongiosum 


In the corpus spongiosum of the shaft, there are widely 
interconnected, branching vascular spaces separated by trabeculae. 
These vascular spaces of variable caliber are lined by endothelial 
cells and are surrounded by a thin layer of smooth muscle fibers. 
These fibers coalesce in various extraluminal parts of the vessels to 
form the subendothelial cushions or polsters. Toward the urethra, the 
lacunae become continuous with a mucosal plexus of veins; at the 
periphery, they communicate with the venous network of the 
albuginea (12). Compared to the corpus spongiosum of the shaft, the 
substance of the glans corpus spongiosum is made up of convolutions 


of large veins rather than spaces separated by trabeculae (15). 


The main differences between corpus spongiosum and corpora 
cavernosa from the penile shaft are that the blood spaces in the 
corpus spongiosum, unlike those of the corpora cavernosa, are the 
Same size in peripheral and central areas and the trabeculae between 
them contain more elastic fibers, whereas smooth muscle bundles 
are relatively scarce when compared to the trabeculae of the corpora 
cavernosa (Figure 38.24) (14,15). However, there is variability and 
sometimes it can be difficult to distinguish corpus cavernosum from 
spongiosum by histology alone. 


Distal Urethra 


Anatomic Levels of the Urethra and 
Periurethral Tissues 


e Urethral Epithelium 
e Lamina Propria 

e Corpus Spongiosum 
e Tunica Albuginea 


e Buck's Fascia 


Anatomic Features 


The distal (anterior) urethra consists of the bulbous and penile 
(pendulous) segments. The 3- to 4-cm bulbous urethra is located 
between the inferior margin of the urogenital diaphragm and the 
penoscrotal junction and courses in the root of the penis within the 
bulb of the corpus spongiosum. The penile urethra measures 
approximately 15 cm in length and extends from the penoscrotal 
junction to the external meatus; it is closely associated to the corpus 


spongiosum that forms a protective cylindrical sheath around it 
(1,10,20). The distal 4 to 6 mm of the penile urethra corresponds to 
the fossa navicularis, a distal saccular expansion that is contiguous 
to the urethral meatus. The penile urethra has a more central 
position within the corpus spongiosum, in contrast to the more 
dorsally positioned bulbous urethra. The mucosa of the distal urethra 
has numerous recesses, called Morgagni's lacunae, which extend 
deeply into the mucin-secreting LittrA©@'s glands that are present in 
the lateral walls of the bulbous and penile urethra. A stellate-shaped 
lumen can be noted in cross section of the penile urethra owing to 
these folds of epithelium and lamina propria (Figures 38.25Ada€“B). 
From the surgical pathology point of view the urethra with 
Surrounding periurethral tissues is an important margin to be 
carefully evaluated in partial penectomy specimens with penile 
carcinoma since is the most frequent positive resection margin, as 
was shown in a recent review of penectomies with carcinoma (42). 
The anatomical levels at the urethral margin of resection are: 
epithelium, lamina propria, periurethral corpus spongiosum, tunica 
albuginea, and Buck's fascia (Figure 38.25B). 


Figure 38.24 Corpus cavernosum. The interstitial fibrous 


connective tissue contains fewer elastic fibers than does the 
corpus spongiosum (van Giesson elastic stain). 


Microscopic and  Immunohistochemical 
Features 


Urethral Epithelium 


There are two conflicting embryological explanations of the 
differentiation of the distal urethra: the ectodermal ingrowth theory 
(the distal urethra originates in the ectoderm, penetrating from glans 
to urethra) and the endodermal differentiation theory (distal urethra 
is formed by differentiation of endodermal tissues from urethra to 
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glans) (53,54). Independently of the embryogenesis, there are 
histological differences between the epithelium of the anterior 
urethra and the classical transitional urothelium of the posterior 
urethra and the urinary tract. The fossa navicularis is lined by 
nonkeratinizing Squamous epithelium, and it is similar and continuous 
to the epithelium covering the glans penis. In the pendulous and 
bulbous urethra, the surface cell layer is columnar without the 
a€ceumbrellaa€* cells noted in bladder urothelium and_ prostatic 
urethra. In addition to the columnar cells, the epithelium of the 
anterior urethra is composed of 4 to 15 stratified layers of uniform 
small cells, usually categorized as stratified or pseudostratified 
columnar epithelium (Figure 38.26). The distinctive epithelium 
appears to be related to the squamous rather than to the transitional 
urothelium. This would explain the high frequency of squamous 
metaplasias, as well as the predominance of carcinomas of squamous 
type in the anterior urethra compared with a much higher frequency 
of transitional cell carcinomas in the prostatic urethra. The tumors in 
the membranous portion of the posterior urethra are more similar to 


those of the bulbous urethra. Adenocarcinomas preferentially arise in 
the bulbomembranous urethra; however, squamous cell carcinomas 
are significantly more frequent than adenocarcinomas in these 
portions (10). The frequent finding of intraepithelial precancerous 
lesions in the penile urethras of patients with penile squamous cell 
carcinoma is noteworthy because it indicates that the urethra 
participates either as a mechanical pathway of penile cancer 
progression in a continuous manner or as an independent site of 
primary tumor growth in discontinuous lesions (54). 


Figure 38.25 A. Cross section of the penile urethra and 
periurethral tissues. Note the stellate-shaped lumen at the 
center. B. Diagrammatic cross section of penile urethra and 
periurethral tissues. The anatomical levels at the urethral margin 
of resection are epithelium (Ep), lamina propria (LP), periurethral 
corpus spongiosum (CS), tunica albuginea (TA) and Buck's fascia 
(BF). 


Immunohistochemical studies show that the penile urethral 
epithelium expresses CK7, 34Bel2, and p63 but is negative for CK20. 
The CK7 immunostain is positive in the upper layers of the 
epithelium, including the columnar cells (Figure 38.27), in contrast to 
the expression of p63 and 34Bel2 that is mostly seen in basal and 
parabasal cells but not in the superficial layer of columnar cells 
(Figures 38.28,38.29). Occasional chromogranin-positive cells may 
be found close to the basal membrane by immunohistochemical 
stains. 


Figure 38.26 The epithelium of the anterior urethra is composed 
of columnar cells overlying 4 to 15 stratified layers of uniform 
small cells, usually categorized as stratified or pseudostratified 
columnar epithelium. 


Figure 38.27 The expression of CK7 is seen in the upper layers 
of the urethral epithelium, including the columnar cells. 
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Urethral and Periurethral Glands 


There are two different types of glands in the anterior urethra: the 
intra- or juxtaepithelial glands, with a dense eosinophilic cytoplasm 
and rounded basal nuclei, and the classical mucinous LittrA©'s 
glands, with clear mucinous cytoplasm and basally compressed nuclei 
resembling pyloric glands of the gastrointestinal tract (Figure 38.30). 
There are histologic transitions from the intra- or juxtaepithelial 
glands with dense eosinophilic cytoplasm to more mucinous cells. 


The recesses of the urethra (Morgagni's lacunae) are lined by 
paraurethral mucinous LittrA©'s glands. LittrA©'s glands are 
tubuloacinous mucous structures located along the full length of the 
corpus spongiosum, in close relation with erectile tissue (Figure 
38.31). LittrA©'s glands end in the urethra at the level of the 
intraepithelial lacunae. Some cysts have been described as 


originating in the parameatal LittrA©'s glands (55). Inflammation of 
LittrA©'s glands can clinically simulate a tumor (56). Cohen et al. 
recognized the normal presence of prostatic epithelial cells in 
periurethral glands along the penile urethra. These a€ceminor 
prostatic glandsa€* may be entirely composed of prostatic cells or, 
more commonly, mixed prostatic and mucinous epithelium (57) 
(Figure 38.32). The same authors suggested that these glands may 
be partially responsible for the minimal but persistently elevated 
levels of serum PSA (prostate-specific antigen) in some cases of 
successful radical prostactectomy (57). 


Figure 38.28 Urethral epithelium. Basal and parabasal cells 
express 34Bel2. The superficial layers are negative. 


Figure 38.29 Urethral epithelium. In contrast to the superficial 
layers, basal and parabasal cells show p63 nuclear expression. 


The bulbourethral or Cowper's, glands are two small structures 
deeply located at the level of the membranous (or bulbous) urethra 
where they terminate in two small ducts (58). They are mucous- 
acinous structures (Figure 38.33). The clear cells of these glands can 


be confused with prostatic carcinoma in a core needle biopsy 
specimen. 


Figure 38.30 Penile urethra. A section illustrating intraepithelial 
mucinous glandular structures. 


Figure 38.31 Penile urethra. Photomicrograph illustrating a 
cluster of tubular and acinar LittrA©'s mucous glands. 
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Lamina Propria 


The urethral lamina propria is a thin layer of loose fibrous and elastic 
tissue. Genital corpuscles are identified in the lamina propria of the 
most distal portion of the urethra, which is lined by squamous 
epithelium; however, they are not seen in other portions of the 
penile urethra. We have seen cases of lichen sclerosus affecting the 
glans and extending into the lamina propria of the anterior urethra 
(54). 


The corpus spongiosum, tunica albuginea, and Buck's fascia were 
discussed in a previous section. 


Arteries 


The arteries of the penis are branches of the internal pudenda, which 
is a branch of the iliac. There are two systems: the dorsal and the 
cavernous arteries. The dorsal arteries are located from the base of 
the penis near and on both sides of the dorsal profunda vein within 
Buck's fascia and in the superior groove formed by the corpora 
cavernosa (Figure 38.21). Small-caliber branches, or circumflex 
arteries, irrigate the corpora cavernosa and the periurethral corpus 
spongiosum. They also perforate the albuginea to reach the corpora. 
The terminal branches irrigate the glans, and collateral branches 
provide the skin nutrients. Cavernous arteries penetrate the corpora 
cavernosa at the site where the corpora join, and they run 
longitudinally near the central septum, which divides the corpora. 
From the cavernous arteries originate the vasa vasorum, small 
arteries that irrigate the erectile tissues. The helicine branches also 


originate from the cavernous arteries, and they are responsible for 
filling the vascular spaces during the process of erection; their name 
derives from the fact that they are coiled and twisted along the 
trabeculae when the penis is flaccid (59,60). These arteries have 
thick muscular walls; and, in addition, many possess inner 
thickenings of longitudinal muscle fibers that bulge into their lumina. 
Many of the terminal branches of the helicine arteries open directly 
into the spaces of the erectile tissue. 


Figure 38.32 Some periurethral glands are positive with PSA 
(prostate-specific antigen) immunostain. 


Figure 38.33 Bulbourethral (Cowper's) gland. Specimen was 
taken from autopsy and shows acinous-mucous structures, which 
are located deeply in the membranous urethra. (Courtesy Dr. 
Victor Reuter, Memorial Sloan-Kettering Cancer Center.) 


Veins 


The superficial veins are irregularly distributed and easily noted 
under the skin. They end in the superficial dorsal vein; this vascular 
structure runs straight from the foreskin to the base of the penis. It 
drains the foreskin venous blood and the skin and is located in the 
Space between the dermis and Buck's fascia. The deeper venous 
system, for which the axis is the deep dorsal vein, runs along the 
superficial dorsal vein but in a plane separated by the Buck's fascia 
(Figure 38.21). The circumflex veins originate in the periurethral 
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corpus spongiosum and terminate in the deep dorsal vein system. 
Similarly, there are veins originating in the corpora cavernosa that, 
after forming a small plexus at the base of the penis, terminate in 
the internal pudendal vein. The cavernous venous system, unlike the 
venous drainage from the glans penis, delays venous drainage and in 


doing so assists in maintaining erections (61). 


Penile erection is a vascular phenomenon that results from trabecular 
smooth muscle relaxation, arterial dilation, and venous restriction. In 
further support of the concept of restriction of outflow is the 
observation that the walls of the circumflex veins are unusually 
muscular. In addition, these veins exhibit unique specializations of 
their lumina caller polsters. These are local accumulations of 
fibroblasts and smooth muscle cells beneath the endothelium that 
form conspicuous longitudinal thickenings or ridges that can be 
followed throughout hundreds of serial sections. These are believed 
to have a role in constricting the lumen and retarding venous outflow 
during erection (14). There are, however, controversies regarding 
the real presence and significance of the polsters in the penile veins 
and arteries, and some authors have proposed that they represent 
degenerative changes (62). 


The deep dorsal vein of the penis has a connection with the vertebral 
veins, hence it is possible for metastases to make their way to the 
vertebrae or even to the skull and brain without going through the 
heart and lungs. Pyogenic organisms may be transported by the 
Same route (1). 


Lymphatics 


The lymphatics of the foreskin spring from a network that covers its 
internal and external surfaces; they arise from the lateral aspect and 
converge dorsally with the skin of the shaft lymphatics to form 4 to 
10 vessels that run toward the pubis, where they diverge to drain 
into the right and left superficial inguinal lymph nodes. The 
lymphatics draining the glands form a rich network that, beginning in 
the lamina propia, course toward the frenulum, where they coalesce 
with two or three trunks from the distal urethra to form several 
collecting trunks following the coronal sulcus. A collar of lymphatics 
entirely surrounds the corona, forming two or three trunks that run 
along the dorsal surface of the penis deep to the fascia and 


accompanied by the deep dorsal vein. At the presymphyseal region 
they form a rich anastomosing plexus draining into superficial and 
deep inguinal lymph nodes (63). The male urethra has a dense 
plexus in the muscosa. The lymphatic capillaries are especially 
abundant around the fossa navicularis (1). The lymphatics of the 
urethra, corpus spongiosum, and corpora cavernosa run toward the 
ventral surface of the body of the penis, reaching the raphe and the 
dorsum, where they run with the dorsal vein and end in the 
superficial and deep inguinal lymph nodes. 


Nerves 


The nerves originate in the sacral and lumbar plexuses. Peripheral 
nerves run along the arteries. Dorsal nerves are located external to 
the arteries, giving circumflex branches to the corpora cavernosa 
(64,65). The terminal branches end in the glans and foreskin. The 
dorsal nerve of the penis, the principal somatosensory nerve 
innervating the penis, consists of two populations of axons, one to 
innervate the penile shaft and urethra and the other to innervate the 
glans. Urethral innervation by the dorsal nerve of the penis supports 
the view that urethral afferent impulses are a component of reflex 
ejaculatory activity. The pattern of glanular innervation by the dorsal 
nerve of the penis identifies the glans as a sensory end organ for 
sexual reflexes. The undulating character of the dorsal nerve of the 
penis is a mechanism by which the nerve can accommodate to 
significant changes in penile length with erection (64). The dorsal 
nerve of the penis supplies the glans in most men, but branches of 
the perineal nerve can supply the ventral penis, frenulum, and 
periurethral area in some men. 
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Vulva 


Edward J. Wilkinson 
Nancy S. Hardt 


Clinical Perspective 


Vulvar symptoms are a common cause of clinical visits to 
gynecologists and family practitioners. Complaints may include 
pruritus, burning, external dyspareunia, and a visible or palpable 
mass (1,2). The majority of sexually transmitted infections, as well 
as many granulomatous and dermatological diseases, may involve 
the vulva (2,3,4). Graft-versus-host disease (5) and contact 
dermatitis (6,7) may create symptoms requiring evaluation of the 
vulva and vagina. The vulva (pudendum femininum) is also a crucial 
area for detailed examination in cases of reported rape, sexual 
abuse, or female circumcision (8). Ambiguous genitalia and genital 
anomalies challenge the clinician and demand critical examination of 
the patient and the external genitalia. Clitoral enlargement in the 
newborn resulting from adrenal genital syndrome, maternal exposure 
to exogenous androgens, maldevelopment of the clitoris, benign 
tumors, and other conditions, such as the Lawrence-Seip syndrome 
(3,9,10), may result in ambiguous-appearing external genitalia. 
Clitoromegaly may occur in adulthood due to malignancy or 
endocrinopathy (11). 


Surgical approaches to vulvar diseases are evolving as a result of 


better understanding of vulvar anatomy and sexual function. Clitoral 
specimens are submitted less frequently in cases of infant genital 
ambiguity now that follow-up studies have indicated that permanent 
loss of function and sensation may result (12,13,14,15,16). In radical 
Surgery for carcinoma of the vulva, the clitoris may be surgically 
spared if clinical examination does not indicate tumor involvement of 
that structure (17). The techniques for sentinel node evaluation used 
in other cancers are now applied to carcinomas of the vulva, 
permitting removal of less normal tissue from lymph node drainage 
fields (18,19,20). 


Cytologic evaluation of the vulva may complement biopsy in special 
cases such as extramammary Paget's disease (21) and distinguishing 
disorders that may clinically resemble Paget's disease (22). 


Special Techniques in Clinical Evaluation 


Direct examination of the vulva requires adequate illumination and is 
enhanced by the use of a ring light or magnifying glass (23). The use 
of higher magnification, using a colposcope, enhances the 
identification of small condyloma acuminatum, vestibular papillae, 
vulvar intraepithelial neoplasia and superficial lacerations, 
microulcerations, and contusions after sexual assault (24). In cases 
in which 
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condyloma acuminatum or vulvar intraepithelial neoplasia is 
suspected, the use of 3% acetic acid (white vinegar) is of value. 
Gauze sponges soaked in acetic acid are applied for approximately 
five minutes, followed by prompt examination. The principle of this 
technique is that abnormal epithelium, especially condyloma 
acuminatum and vulvar intraepithelial neoplasia, becomes white 
immediately after exposure to acetic acid. This is related to poorly 
understood differences between normal epithelium and human 
papillomavirusa€“associated lesions. The color change to white after 
application of the dilute acetic acid is referred to as aceto-whitening, 


and the epithelium so changed is referred to as aceto-white 
epithelium. This procedure has gained wide acceptance in the 
evaluation of the cervical transformation zone during colposcopic 
examination to enhance identification of cervical intraepithelial 
neoplasia and carcinoma. However, its use on the vulva has two 
serious limitations. First, when ulcers or fissures are present on the 
vulva, the application of 3% acetic acid may be associated with pain 
and thus is unacceptable to the patient. Second, the vulvar vestibular 
epithelium is normally somewhat aceto-white. The inexperienced 
clinician may misinterpret this aceto-whitening as abnormal or as 
condyloma acuminatum. A biopsy is then performed of the vestibular 
epithelium and submitted as condyloma acuminatum. The vestibular 
epithelium in women of reproductive age is normally glycogenated 
(see section on Vulvar Vestibule) and can be misinterpreted by the 
unwary pathologist as koilocytosis suggestive of condyloma 
acuminatum, resulting in both improper diagnosis and improper 
therapy for the patient. Inflammation within the vestibule may be 
associated with epithelial spongiosis, which also may be confused 
with koilocytosis. 


The use of 1% toluidine blue O also has been used to assist in the 
recognition of areas requiring biopsy when invasive carcinoma is 
suspected (23). A solution of 1% toluidine blue O is applied to the 
areas in question, which then are rinsed with 1% acetic acid. Areas 
with ulceration, parakeratosis, and carcinomas without a keratinized 
surface retain the blue stain. In principle, toluidine blue O is a DNA 
stain, and as such it is retained where cell nuclei are present (3,23). 
This test has limited usefulness in that false-positive staining 
patterns occur, usually due to benign superficial ulceration or 
fissures. The test may be falsely negative when the carcinoma or 
intraepithelial neoplasm has a keratinized surface. For these reasons, 
the test is no longer commonly used. 


In addition to direct visualization techniques, imaging studies are 
increasingly applied in the vulvar assessment of female sexual 
response and have increased our understanding of the three- 


dimensional anatomy of that region. These include duplex Doppler 
ultrasound (25) and magnetic resonance imaging (26,27,28) 


From the pathologist's perspective, the majority of vulvar specimens 
that are examined are either diagnostic biopsies, excisional biopsies, 
or partial superficial or deep, or total superficial or deep vulvectomy 
specimens submitted as treatment for vulvar intraepithelial 

neoplasia, Paget's disease, carcinoma, melanoma, and other diseases 
(3). An understanding of the normal histology of the vulva enhances 
interpretive skills and assists in arriving at an appropriate diagnosis. 


Anatomy 


The female external genitalia can be defined as that portion of the 
female anatomy external to the hymen, extending anteriorly to 
include the mons pubis, posteriorly to the anus, and laterally to the 
inguinala€“gluteal folds. Included are the mons pubis, clitoris, labia 
minora, labia majora, vulvar vestibule and vestibulovaginal bulbs, 
urethral meatus, hymen, Bartholin's and Skene's glands and ducts, 
and vaginal introitus (Figure 39.1). The anterior investment of the 
clitoris includes the prepuce, which represents the anterior fusion of 
the labia minora and overlays the clitoris anteriorly, and the 
frenulum, which passes posteriorly and ends in its attachment to the 
flattened posterior aspect of the clitoris. Posteriorly, the labia minora 
end in the fourchette, or frenulum of the labia. The labia majora lie 
lateral to the intralabial sulcus and medial to the inguinal-gluteal 
fold. Anteriorly, the hair-bearing lateral aspects of the labia majora 
blend with the mons pubis, and posteriorly, the labia majora end in 
the perineal body. The hair follicles of the labia majora are absent in 
its medial portion; however, the sebaceous gland elements are 
retained medial and posterior to the labia minora at the junction with 
the vulvar vestibule at Hart's line (29,30) (Figure 39.2). 
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These sebaceous gland elements open directly to the epithelial 
surface in this portion of the vulva and can be observed as small, 


Slightly pale to yellow elevations of the epithelium, known as 
Fordyce's spots. 


Figure 39.1 Topography of the vulva. 
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Figure 39.2 The vulvar vestibule and the position of Hart's line. 
Hart's line can be found on the medial aspect of the labia majora, 
extending in a curvilinear manner from the most inferior 
posterior portion of the labia minora to the vaginal fourchette. 


Normal vulvar epithelium varies in thickness from 0.27 Â+ 0.14 mm. 
When involved by vulvar intraepithelial neoplasia, the thickness of 
the epithelium with vulvar intraepithelial neoplasia (VIN) is reported 
from 0.52 Â+ 0.23 mm (31). The vulvar epithelium, especially that of 
the lateral labia minora, labia majora, and perineal body, contains 
melanocytes that are distributed among the basal cells of the 
epithelium in a ratio from 1:5 to 1:10 basal keratinocytes (32). 
Increased pigmentation of these areas during pregnancy relate to 
increased melanin production secondary to the effects of gestational 
hormones. 


Langerhans cells are relatively abundant in the vulvar epithelium, 
where they are more prevalent than within the vagina or cervix. They 
are present predominantly in the suprabasal layers of vulvar 
epithelium, with a median number of 18.7 per 100 basal squamous 


cells (33). They are present in keratinized and nonkeratinized 
epithelium, as well as within skin appendages. These dendritic cells 
are bone marrowd€“derived and can express HLA-DR antigens and Fc 
and C3 receptors and are capable of activating T lymphocytes as an 
afferent component of the immune response of the vulvar epithelium 
(34). Langerhans cells are also thought to be associated with control 
of keratinocyte maturation (35). The topical T-lymphocyte inhibitor, 
pimecrolimus, has recently been used to effectively treat vulvar 
lichen sclerosus in a 10-year-old girl. Lichen sclerosus is a 
dermatosis that is considered to be T-lymphocyte mediated (36). 


Merkel cells are neuroendocrine cells that are present in vulvar 
epithelium, as well as most other skin sites. These cells are involved 
in paracrine regulation of skin function (37). Merkel cell tumors of 
the vulva have been reported (38). 


Lymphocytes are also commonly found in the dermis and submucosal 
areas of the vulva in small numbers and are located primarily in a 
perivascular area within the superficial tissues. Intraepithelial 
lymphocytes are infrequently seen in normal vulvar epithelium (33). 


Vulvar Vestibule 


The vulvar vestibule is defined as that portion of the vulva that 
extends from the exterior surface of the hymen to the frenulum of 
the clitoris anteriorly, the fourchette posteriorly, anterolaterally to 
the labia minora, and posterolaterally to Hart's line, on the medial 
aspects of the labia majora (Figures 39.1,39.2). The vestibular fossa 
(fossa navicularis) is that posterior portion of the vestibule, from the 
hymen to the fourchette, that is somewhat concave as compared with 
the remainder of the vestibule. Unlike the remainder of the vulvar 
epithelium, which is of ectodermal origin, the epithelium of the 
vulvar vestibule is of endodermal origin. One exception is the portion 
of the vulvar vestibular epithelium anterior to the urethra, which 
some think is of ectodermal origin (39). The vulvar vestibule is 
predominantly nonkeratinized stratified squamous epithelium, which 


peripherally blends with the thinly keratinized squamous epithelium 
of the labia minora, the medial labia majora at Hart's line, the 
prepuce, and the fourchette. Although the vestibular epithelium has 
an embryonic origin similar to that of the distal urethra of the male, 
the epithelium is not of a typical transitional type with associated 
surface umbrella cells. Rather, it is a stratified squamous epithelium 
that is rich in glycogen in women of reproductive age, similar to the 
mucosa of the vagina and ectocervix (Figure 39.3). 


Both the vaginal opening and the urethral orifice are within the 
vestibule. Also within the vulvar vestibule are gland openings from 
both the major and minor vestibular glands, as well as the paired 
opening of the periurethral Skene's ducts. Skene's ducts are the 
homologues of the male prostate gland. The major vestibular gland, 
or Bartholin's gland (glandula vestibularis major), is of ectodermal 
origin and consists of bilateral tubuloalveolar glands located beneath 
the hymen, labia minora, and labia majora in the posteriolateral area 
of the vulva. Bartholin's gland corresponds to the male bulbourethral 
glands, or Cowper's glands. The epithelial cells of Bartholin's gland 
acini consist of mucus-secreting columnar cells (40,41) (Figure 39.4). 
The secretion of these acini empty into Bartholin's duct, which 
measures approximately 2.5 cm in length and enters the vestibule 
immediately exterior (distal) and adjacent to the hymen in a 
posterolateral location. Bartholin's duct is lined by transitional 
epithelium 
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that is adjacent to columnar epithelium as it arises from the gland 
(Figure 39.5) to adjoin the nonkeratinized stratified squamous 
epithelium of the vulvar vestibule in the distal end of the duct (41) 
(Figure 39.6). Within the Bartholin duct epithelium, argentaffin cells 
also can be identified, predominantly concentrated within the 
transitional ductal epithelial cell area and absent in the secretory 
gland area (42). Cysts that arise in the area of Bartholin's gland are 
primarily a result of dilation of Bartholin's duct (3,43). 


Figure 39.3 A. Vulvar vestibule with adjacent prominent 
vascular submucosa. Superficial thin-walled vessels are 
prominent and are found within the delicate fibrous stroma. A 
few lymphocytes are seen scattered in the superficial submucosa. 
B. Epithelium of the vulvar vestibule of a 27-year-old woman. 
Note that the epithelium is stratified squamous and that the 
superficial cells have cytoplasmic clearing, reflecting the 
glycogen-rich epithelium. 


Figure 39.4 Bartholin's gland acini are lined with a columnar 
epithelium. The adjacent branching Bartholin's duct is present 
adjacent to the gland. 


The periurethral, or Skene's, glands also enter the vulvar vestibule 
as paired gland openings found immediately adjacent to and 
posterolateral to the urethra. These glands, with their adjacent 
ducts, are generally not more than 1.5 cm in length. These 
periurethral glands are analogous to the male prostate gland and are 
lined with a _pseudostratified mucus-secreting columnar epithelium. 
The ducts of Skene's glands are lined with transitional-type 
epithelium that joins with the stratified squamous epithelium of the 
vestibule at the gland orifices. A cyst of Skene's duct may result 
from obstruction of the duct. 


The minor vestibular glands (glandulae vestibulares minores) consist 
of simple tubular glands that enter directly to 
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the mucosal surface of the vestibule (Figure 39.7). They are 
analogous to the glands of LittrA© of the male urethra (39). Minor 
vestibular glands are small and shallow, with a maximum depth of 
2.27 mm (44). These glands are lined with a mucus-secreting 


columnar epithelium that merges with the stratified squamous 
epithelium of the vestibule (44,45,46) identified minor vestibular 
glands within the vestibule in 47% of women studied in an autopsy- 
related series. We found minor vestibular glands in vulvar 
vestibulectomy specimens for vestibulitis in 66% of our cases (44). 
In the women with identifiable minor vestibular glands, Robboy et al. 
identified minor vestibular glands within the vestibule in 42% of 
women studied in an autopsy-related series (46). When present, the 
number ranged from 1 to over 100, with the majority having 2 to 10 
identifiable minor vestibular glands. Although these glands were 
found to be distributed throughout the vestibule, they were found in 
greater numbers in the posterior vestibule, 
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just anterior to the fourchette. Minor vestibular glands have been 
described as having ducts composed of transitional epithelium; 
however, this epithelium is essentially the same epithelium and 
borders that of the adjacent vulvar vestibule, which is stratified 
squamous epithelium without surface umbrella cells. Minor vestibular 
glands may undergo squamous metaplasia, similar to that seen 
within the endocervix, where the mucus-secreting epithelial cells 
lining the glandular epithelium are replaced by stratified squamous 
epithelium (Figure 39.8). This metaplastic epithelium may completely 
replace the glandular epithelium, resulting in the formation of a 
vestibular cleft (44) (Figure 39.9). Obstruction of a minor vestibular 
gland associated with this metaplastic process may result in 
accumulation of mucous secretion within the simple tubular gland, 
leading to the formation of a vulvar mucous cyst (44,45,46). 
Vestibular adenomas have been described arising from these minor 
vestibular glands (47,48). Severe external dyspareunia, including 
vulvodynia, may be associated with inflammation of the vulvar 
vestibule, a poorly understood condition referred to as vulvar 
vestibulitis (1,44,49). 


Figure 39.5 Bartholin's duct near the gland. Bartholin's duct has 
a transitional-like epithelial lining, with columnar cells near the 
surface, similar to the columnar cells lining the gland acini. 


Figure 39.6 Bartholin's duct near its exit to the vulvar vestibule. 
At this location the duct is lined by stratified squamous 
epithelium, without surface columnar cells. 


Figure 39.7 Minor vestibular glands of the vulvar vestibule. The 
vulvar vestibular glands are simple glands with a mucus- 
secreting columnar epithelial lining. Near their exit at the 
vestibular surface the glands have a stratified squamous 
epithelium. Vascular vestibular stroma surrounds the superficial 
gland elements. 
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Figure 39.8 Vestibular gland with squamous metaplasia near the 


vestibular surface. Moderate chronic inflammation, consisting 
predominantly of lymphocytes, is seen adjacent to the gland and 
is consistent with vulvar vestibulitis. 


Urethral Orifice (Meatus  Urinarius) 


The urethra has a transitional epithelial lining that merges with the 
Stratified squamous epithelium at the urethral orifice. The 
periurethral glands of Huffman enter into the urethra throughout 
most of its length (50). Obstruction or inflammation of these 
periurethral glands may result in a urethral diverticulum or 
periurethral abscess. Partial prolapse of the urethra results in a 
polypoid mass, often referred to as a urethral caruncle. The mucosa 
may become ulcerated, and the underlying stroma may become 
inflamed with vascular dilation and engorgement; however, it 
otherwise retains the normal histology of the urethra. 


Hymen 


The hymen marks the distalmost extent of the vagina and the most 
proximal boundary of the vulvar vestibule. The hymen may be 
imperforate, round, annular, septate, cribriform, or porous (2). On 
the vaginal surface, the hymen has a nonkeratinized stratified 
squamous epithelium, which is glycogenated upon estrogen 
exposure, as seen in women of reproductive age, newborn female 
infants, and postmenopausal women receiving estrogen therapy. On 
the vulvar surface the vestibular epithelium appears similar to the 
vaginal epithelium in women of reproductive age (Figures 39.3, 
39.10). The hymenal ring contains some Merkel tactile disks for 
touch and moderate numbers of free nerve endings, which are pain 
receptors; the hymenal ring lacks other receptors that are present in 
the labia majora (51,52). 


In rare cases of imperforate hymen, the hymen lacks its normal 


opening. This leads to accumulation of menstrual exodus in the 
vagina, resulting in vaginal distension (1) with menstrual products, a 
condition referred to as hematocolpos. Coitus, or the routine use of 
intravaginal tampons, results in tears in the hymen, which result in 
small soft hymenal tags referred to as carunculae hymenales, or 
carunculae myrtiformes (34,53). On the external hymen and on the 
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vulvar vestibule, small papillae may be identified, which are referred 
to as vestibular papillae. Multiple papillae are seen in the condition 
known as vestibular papillomatosis (54). Such papillae within the 
vestibule are generally considered a variant of normal anatomy and 
are infrequently associated with human papillomavirus. Solitary or 
isolated asymptomatic papillae on the hymen usually represent a 
normal anatomic variant (55) (Figure 39.11). 


Figure 39.9 Vulvar vestibular cleft. The vulvar vestibular cleft 
has a stratified squamous epithelial lining, similar to the vulvar 
vestibule. These clefts appear to arise as a result of squamous 
metaplasia of vestibular glands. 


Figure 39.10 Cross section of the hymen of a 26-year-old 
woman. The epithelium of the vaginal (upper) and vestibular 
(lower) surfaces of the hymen is a stratified squamous 
epithelium, which is nonkeratinized and glycogen rich. The 
fibrovascular component of the hymen supports the epithelium. 


Clitoris 


The clitoris is the descendant of the embryonic phallus, homologous 
to the corpus cavernosum of the male penis. It is immediately 
anterior to the frenulum, at the junction of the labia minora, and it is 
enfolded by the prepuce. The clitoris measures approximately 2 cm in 
its long axis and consists of two crura and a glans clitoridis. The 
crura are composed of erectile tissue similar to that in the corpora 
cavernosa of the male (3,4). They consist of cavernous veins 
surrounded by longitudinal smooth muscle, as well as small centrally 


placed muscular arteries, enveloped by the tunica albuginea. The 
tunica albuginea is composed of wavy collagen fibers and straight 
elastic fibers. Peripheral to the tunica albuginea is the loose 
connective tissue that supports the nerves and receptors of this area. 
The glans clitoridis is covered with squamous mucosa without glands, 
rete, or papillae (40,52,56). The cavernous tissue of the corpus 
spongiosum of the male does not have its counterpart in the clitoris; 
it is found instead in the vascular erectile tissue of the labia minora 
(Figure 39.12). The clitoris contains nerve endings in lesser amount 
than seen in the labia majora, although Pacinian corpuscles are 
abundant. Peritrichous nerve endings for touch reception are absent. 
The other receptors are present, although their distribution is highly 
variable (52). Other touch receptors, namely, Meissner's corpuscles 
and Merkel tactile disks, are present in reduced numbers in the 
clitoris, aS compared with the labia majora or mons pubis. Pacinian 
corpuscles, for pressure reception, are present in large numbers 
(52). The free nerve endings for pain reception are found throughout 
the vulva and in relatively high concentrations in the clitoris, labia 
majora, and mons pubis (52). Ruffini's and Dogiel-Krause corpuscles, 
which may be associated with temperature or sexual sensation, are 
found throughout the vulva but not in the hymenal ring (52). 


Figure 39.11 Vulvar vestibular papillae. The papillae have a 
stratified squamous epithelial surface and fibrovascular stalks. 


Labia Minora 


The bilateral labia minora derive from the embryonic medial folds 
(genital folds) and lie lateral to the vulvar vestibule and medial to 
the labia majora, bounded by the 
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intralabial sulcus. The epithelium of the labia minora is of ectodermal 
origin. The labia minora have their male embryologic counterpart in 
the penile corpus spongiosum (34). The minora measure 
approximately 5 cm in length and 0.5 cm in thickness; however, their 
length can vary considerably. The epithelium of the labia minora is of 


the stratified squamous type; it is not keratinized on its vestibular 
surface but has a thin keratin layer lateral from Hart's line. 


Figure 39.12 Erectile tissue of the labia minora. 


Most of the epithelium of the labia minora does not contain skin 
appendages; however, in some individuals, the lateral labia minora 
may contain sweat and/or sebaceous glands (56). The epithelium of 
the labia minora may be somewhat pigmented, especially in lateral 
and posterior areas (Figure 39.13). Beneath the epithelium is highly 
vascular, loose connective tissue that is rich in elastic fibers. 
Posterior and deep to the labia minora are the vestibular bulbs (bulbi 
vestibuli), which are composed of erectile tissue and are invested by 


the bulbocavernous muscles. The labia minora contain erectile tissue 
and thus are highly vascular, yet they lack adipose tissue. The 
vessels and erectile tissue are supported by a rich elastic fiber 
component. The nerve endings within the labia majora are similar to 
those found within the clitoris, yet Meissner's corpuscles and Merkel 
tactile disks occur in larger numbers than usually identified within 
the clitoris (52). 


Figure 39.13 Lateral labia minora biopsy from a 27-year-old 
white woman. Within this area, the labia minora contain no skin 
appendages. The epithelium is pigmented, and melanocytes and 
pigmented basal epithelial cells are seen in the basal layer. The 
Stratified squamous epithelium has a thinly keratinized surface. 
Beneath the epithelium, there is an elastic fibera€“rich stroma 
without fat or skin appendages. Moderate numbers of small 
vesselS can be seen. Deeper tissue is demonstrated in Figure 
30W27 


Congenital enlargement of the labia minora may occur and may be 
asymmetrical. Enlargement also may be secondary to irritation, 


chronic edema or minor trauma. Surgical reduction of the labia 
minora or local excision for therapeutic reasons does not appear to 
impede normal sexual function or response; however, excision of the 
labia minora for female circumcision is associated with introital 
stenosis, vulvar keratinous cysts, and sexual and urinary dysfunction 
(8,57). 


Labia Majora 


The labia majora arise from the embryonic lateral folds (genital folds, 
labial folds), which arise lateral to the cloacal plate and do not fuse 
(39). The epithelium is ectodermally derived from the urogenital 
sinus. The endodermally derived epithelium of the vestibule joins 
with the ectodermally derived epithelium of the medial labial majora. 
This junction is apparently at Hart's line, where the epithelium of the 
medial (inner) labia majora joins the nonkeratinized squamous 
epithelium of the vestibule (29,30). In the male, the labial (scrotal) 
folds fuse to form the scrotum. This fusion usually occurs by 74 days 
of gestation (crown-rump length approximately 71 mm) (39). In the 
female, the labia 
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majora merge with the mons pubis anteriorly and with the perineal 
body posteriorly. The labia majora lie immediately lateral and parallel 
to the labia minora, separated by the intralabial sulcus. In the medial 
posterior positions, the labia majora are bounded by the vulvar 
vestibule. Laterally, they merge with the inguinal-gluteal folds, which 
separate the labia from the medial aspect of the thighs. Although 
minor asymmetry of the labia majora is considered to be normal, 
marked asymmetry may be early evidence of neurofibromatosis (58). 
Chronic inflammation, varicosities, edema, Bartholin's cysts, and 
benign or malignant tumors also may be associated with asymmetry 
of the labia majora. 


Aging changes related to the labia majora include an increase in size 
of the labia with puberty, primarily related to increased fat within the 


labia. In addition, there are dramatic changes in hair growth during 
puberty (see Mons Pubis discussion, below) (59). After menopause, 
there is a progressive loss of hair follicles and consequent loss of 
labial hair (60) as well as shrinkage of the labia majora. This is 
primarily related to loss of fat within the labia (34). 


In addition to age-related changes, changes occur in the labia majora 
that are related to parity. During gestation, the influence of 
gestational hormones, especially progesterone, results in vascular 
dilation and stasis within the labia (52). These gestational changes 
may result in the development of vulvar venous varicosities (61). 


Similar to other hair follicles, each follicle of the vulva has a hair root 
surrounded by the dermal root sheath, which invests the root sheath 
of the hair follicle. The inner root sheath is composed of an external 
clear epithelial cell layer (Henle's layer) and an inner granular 
epithelial cell layer (Huxley's layer). The hair matrix matures to the 
formed hair of the hair shaft, where the hair has an outer cuticle with 
a cortex and medulla. The hair papilla is found at the base of the hair 
root, protruding into and partially surrounded by the matrix of the 
hair. The papilla is supported by the dermal root sheath 
(40,56,62,63). Hair follicles are a portion of the pilosebaceous unit, 
which includes sebaceous glands. 


In the labia majora, sebaceous glands can be found with and without 
associated hair follicles. The sebaceous glands are alveolar and 
arranged in a lobular manner, vested by collagen fibers. The cells of 
the sebaceous glands secrete in a holocrine manner, with the more 
mature cells accumulating sebaceous secretion (sebum) within their 
cytoplasm. The secretion is released as the cells undergo necrosis. 
The secretion may be released adjacent to the hair shaft in the 
pilosebaceous unit or directly to the surface when no hair shaft is 
present. There are two types of sweat gland: apocrine and merocrine 
(40,56,62,63). Apocrine glands are tubular and have a columnar 
secretory epithelium characterized by a prominent eosinophilic 
granular cytoplasm. These glands secrete by release of cytoplasmic 


secretion and are associated with scent production. The scent 
associated with these sudoriferous glands is related to bacterial 
growth supported by the secretory products (56,62). Beneath the 
epithelial layer, myoepithelial cells are identified. These 

myoepithelial cells are arranged about the periphery of the gland, 
and their contraction promotes expression of the secretory contents 
from the gland lumen. The ducts of the apocrine glands are similar to 
those of the merocrine glands but may secrete into the upper hair 
follicle rather than to the skin surface when present in hair-bearing 
Skin. 


The merocrine glands are eccrine glands that produce clear watery 
Sweat. The secretory cells have a pale, slightly granular cytoplasm 
and an outer layer of myoepithelial cells. The glands are simple and 
coiled and are found deep to the reticular dermis. The sweat duct is 
lined by cuboidal epithelium two-cells thick, and the double epithelial 
cell layer is lost as it joins with the stratified epithelial surface. 
Unlike sebaceous and apocrine glands, merocrine glands are not 
Significantly stimulated by the sex hormones. [For further discussion 
on the histology of the skin elements, the reader is referred to 
Chapter 1 in this volume and to texts on histology (40,56,62,63).] 


The epithelium of the posterolateral aspects of the labia majora, 
peripheral to Hart's line, is thinly keratinized and pigmented (Figure 
39.14). At the posterior fourchette, the 
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retia are relatively deeper than in the posterior lateral area (Figure 
39.15). Pigmented cells are seen at the basal layer in this area 
(Figure 39.16). A granular layer may be present immediately beneath 
the keratinized surface (stratum corneum). The granular layer arises 
from the underlying prickle cell (Spinous cell) layer of the stratified 
Squamous epithelium, with the stratum malpighii overlying the basal 
layer. The basal layer (stratum germinativum) is present immediately 
adjacent to the basement membrane (35,64). The medial hairless 
surfaces of the labia majora contain an abundance of sebaceous 
glands, which end at Hart's line. These glands are not associated 


with hair-bearing pilosebaceous units and open directly onto the 
epithelial surface, with a short nonkeratinized epithelium-lined duct 
joining with the keratinized epithelial surface (Figure 39.17). 
Sebaceous glands within the labia majora may have a depth of up to 
2.03 mm (65). Keratinous (epithelial) cysts may be associated with 
these sebaceous gland elements (3,57). Sebaceous glands are not 
found medial to Hart's line (Figure 39.2). At the midportion of the 
labia majora, hair follicles are associated with the sebaceous gland 
elements. Hair follicles within the labia majora may be as deep as 
2.38 mm (65) (Figures 39.18,39.19). Apocrine and eccrine sweat 
glands are found associated with the hair-bearing areas of the vulva 
but are generally absent in the vestibule and medial nona€“hair- 
bearing areas of the medial labia majora (Figure 39.20). Deeper 
within the dermis of the labia majora, a delicate muscle layer (tunica 
dartos labialis) is present. Beneath this layer is a fascial layer that 
has a prominent elastic fiber component (52). The fascial layer is 
associated with a prominent adipose layer in women of reproductive 
age. 


Figure 39.14 Posterior medial labia majora of a 27-year-old 


white woman peripheral to Hart's line. This pigmented portion of 
the labia majora has a stratified squamous epithelium with a thin 
keratinized surface. The epithelium has deeper rete ridges than 
seen in the minora. The dermis is elastic fiber rich and 
moderately vascular. Sebaceous glanda€“bearing skin was 
immediately adjacent to this area and has a moderately vascular 
dermis. 


Figure 39.15 Posterior vulvar forchette. The epithelium has a 
thinly keratinized surface, moderately deep rete, and some 
melanin pigmentation within the basal cells. 


Within the deep anterior labia majora, immediately adjacent to the 


inguinal canal, the round ligament 
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joins with the deep longitudinal smooth muscle layer (cremaster 


muscle) of the labia majora (52). The round ligament may include 
entrapped peritoneum (processus vaginalis), which can become 
cystically dilated and result in a cyst of the canal of Nuck (3). These 
peritoneum-lined cysts are typically encountered in the anterior 
portion of the labia majora, adjacent to or within the inguinal canal. 


Figure 39.16 Posterior perineal body of a 27-year-old white 
woman. The skin at the perineal body is pigmented, and 
melanocytes and pigmented keratinocytes are present within the 
basal layer. The epithelium is stratified squamous epithelium, 
which has a thin keratin layer. The perinuclear halos present 
within the epithelial cells are normally seen and should not be 


confused with koilocytosis. Small clear cells are seen in the 
epithelial stromal junction within many of the retia. 


Figure 39.17 Labia majora, medial portion, with sebaceous 
gland elements exiting directly to the skin surface. The 
epithelium of the medial labia majora has a thin keratin and 
granular layer. The sebaceous glands may be seen clinically as 
Fordyce's spots. 


The epithelium of the labia majora is rich in nerve endings and 
contains touch receptors, including Meissner's corpuscles, Merkel 
tactile disks, and peritrichous nerve endings (52). Pacinian 
corpuscles for pressure sensation are present within the fatty layer 
of the labia majora, as well as within the labia minora, clitoris, and 
mons pubis. Free nerve endings for pain reception are also present 


within the epithelium, as well as within muscle cells and blood 
vessels (51,52). Ruffini's corpuscles are seen throughout the 
subcutaneous tissue of the labia majora, labia minora, clitoris, and 
mons pubis. They are absent in the hymen. Their exact function in 
the vulva is uncertain; however, they may be temperature receptors 
and/or receptors for sexual stimuli (52). Dogiel-Krause receptors 
have a distribution similar to that of Ruffini's corpuscles; however, 
they are present in a relatively smaller concentration in the mons 
pubis and labia majora (52). 


Figure 39.18 Labia majora, midportion, with underlying dermis 
and deep fatty tissue. The thickness of the dermis can be seen in 
this section of the labia majora. A few deep hair follicles can be 

seen within the elastic fibera€“rich dermis. The dermal junction 

with the deep fatty tissue is irregular. 


Figure 39.19 Labia majora, lateral, with hair follicle and sweat 
gland elements. The sweat gland duct is seen adjacent to the 
portion of the hair follicle. 
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Figure 39.20 Labia majora with apocrine glands and sweat ducts 
adjacent to a hair follicle. Moderate vascularity of the collagen- 
rich dermis of the labia majora surrounds these sweat gland 
elements. 


Medial to the labia majora, within the sulcus between the labia 
majora and minora (sulcus interlabialis), anogenital mammary-like 
glands are present that may give rise to cysts within the intralabial 
sulcus; they also may involve the medial aspect of the labia majora. 
These glands, and the cyst described, are lined with a cuboidal to 
columnar epithelium with an underlying myoepithelium. The 
myoepithelial cells are immunoreactive for smooth muscle actin and 
S-100 antigen, as well as low-molecular weight keratin. The 
Superficial luminal epithelial cells are of an apocrine type, with visible 
a€cesnoutsa€* (Figure 39.21). These cells are immunoreactive for 
low-molecular weight keratin and human milk fat globule antigen. 
Individual cells are also immunoreactive for carcinoembryonic 


antigen and S-100 antigen. Estrogen and progesterone receptors 
have been detected in these cells. Mucus-containing or ciliated cells 
are not present, distinguishing the cysts of anogenital mammary-like 
glands from vestibular mucous cysts, MA‘llerian-related cysts or 
ciliated cysts, or Bartholin's gland. The lack of a stratified squamous 
epithelium or transitional epithelium distinguishes them from 
Bartholin's duct cysts, keratinous cysts, or vestibular glandular cysts 
that have undergone squamous metaplasia (66). There is evidence 
that these glands are the origin of fibroadenoma, hidradenoma 
papilliferum, milk cysts, and apparent ectopic breast tissue that have 
been described in the vulva (rather than being from true ectopic 
breast tissue) (67). 


Mons Pubis (Mons Veneris) 


The mons pubis has its origin in the embryonic genital medial cranial 
swellings (39). The subcutaneous tissue of mons pubis becomes more 
prominent with the onset of puberty, when there is a progressive 
increase in fat tissue beneath the mons. There is also a dramatic 
increase in hair growth of the mons pubis and labia majora. 


Aging changes related to the mons pubis include hair growth changes 
that have been summarized and staged by Tanner in the following 
sequence (59). Stage 1 is characterized by no visible pubic hair 
growth. In stage 2, a small amount of pubic-type hair is seen on the 
midportion of the mons pubis, and some similar hair may be seen on 
the labia majora. In stage 3, the mons pubis hair growth is more 
prominent, both in the amount of hair and the coarseness of the hair. 
In stage 4, the hair growth over the mons pubis is similar to the 
adult, with the exception that the upper lateral corners of hair 
growth are lacking. Stage 5 characterizes the adult pubic hair pattern 
(59). The adult hair growth distribution is reached between the ages 
of 12 and 17 years (34). There can be substantial variability in the 
amount and character of the pubic hair (escutcheon) related to racial 
and genetic factors; however, pubic-type hair growth generally does 


not extend above a horizontal line drawn between, and 2 cm above, 
the uppermost limits of the genitofemoral folds (60,68). Hair follicle 
depth within the vulva is greatest in the mons pubis, where hair 
follicle depth has been measured up to 2.72 mm (65). The mons 
pubis is richly endowed with nerve receptor types that were 
previously described for the labia majora (52). 


Lymphatic Drainage 


The vulvar tissues drain to lymph nodes in the femoral and inguinal 
lymph node chains. The anterior labia minora and clitoris drain 
through channels anterior and superior to these structures to join 
lymphatics from the prepuce and labia majora. These channels 
course laterally to inguinal and femoral nodes (69). In some cases, 
lymphatic channels from a lateral site may drain to the contralateral 
node group, which has clinical relevance in planning therapy for 
malignancies of the vulva. The most common site of metastasis from 
vulvar malignancies are the superficial inguinal nodes. In general 8 
to 10 nodes are found in this area, with superior oblique (above the 
ligament of Poupart) and inferior ventral (between the ligament of 
Poupart and the saphenous vein and fascia lata) divisions. Midline 
structures, such as the 
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clitoris and the midline perineum, drain bilaterally. A second path of 
lymphatic drainage from the clitoris involves urethral lymphatics and 
lymphatics draining the dorsal vein of the clitoris. These channels 
lead inferior to the symphysis pubis through the anogenital 
diaphragm to join the lymphatic plexus of the anterior bladder 
surface. Ultimately, these channels terminate in the interiliac and 
obturator nodes or course superiorly to the femoral and internal iliac 
nodes. Deep pelvic nodes are not generally involved unless the 
Superficial inguinal nodes are involved. 


Figure 39.21 Mammary-like anogenital gland with main duct (A 
and B) and small acini (A). The epithelial lining is composed of a 
two-layered epithelium with underlying myoepithelial cell layer 
and a low columnar epithelial luminal epithelium. Reprinted with 
permission from: 

van der Putte SC. Mammary-like glands of the vulva and their 
disorders. Int J Gynecol Pathol 1994;13:150a€“160. 


Sentinel lymph node mapping in the assessment of vulvar carcinoma 
and melanoma, employing intraoperative lymphoscintigraphy 
(technetium-99ma€“labelled nanocolloid) with or without blue dye 
(patent blue V) is gaining in application to assess inguinal lymph 
node status. Microscopic assessment of the lymph nodes picking up 
the colloid/dye is performed to plan appropriate lymph node 


resection related to the vulvar surgery. When nodes are found to be 
negative by this technique, the patient may be spared radical 
inguinal-femoral lymphadenectomy (18). 


Obstruction of vulvar lymphatics, related surgical interruption, or 
inflammation (such as secondary to Crohn's disease) may result in 
lymphangiectasia of the vulva. This condition may present with 
leakage of clear fluid from the vulva, associated with multiple small, 
glistening, superficial clustered vesicles on the vulvar skin, 
resembling frog spawn. Some degree of epithelial and dermal edema 
is also typically present (70). 


Arterial Supply 


The major arterial supply of the vulva originates with the superficial 
and deep external pudendal arteries (branching from the femoral 
artery) and the internal pudendal arteries 
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(branching from internal iliac arteries). The pudendal artery has 
anterior and posterior labial branches. Circulation to the clitoris is 
separate and emanates from the deep arteries of the clitoris. The 
anterior vaginal artery supplies the vestibule and Bartholin's gland 
areas (3). 


Venous Supply 


Major venous drainage of the vulva is primarily from the bilateral 
internal iliac veins, which drain into the external iliac venous system. 
The internal iliac veins drain both parietal and visceral venous 
systems. The parietal tributaries of the internal iliac vein include the 
internal obturator, internal pudendal veins, superior and inferior 
glutal veins, sciatic vein, and ascending lumbar veins. The visceral 
branches drain pelvic organs, including the uterine, ovarian, and 
vaginal venous systems. In a study of this drainage in 79 specimens, 
a single internal iliac vein was present on the side studied in 73% of 


the cases; in 29% of the cases, two separate iliac veins drained into 
the external iliac vein; and, in one case, the internal iliac vein 
drained directly to the inferior vena cava (71). Vulvar varices are 
identified in approximately 2% of women seeking care in a vein 
clinic; such varices correlate with insufficiency of the internal iliac 
venous system and also involve the tributaries of the internal iliac 
vein as well as the saphenous vein (71). 


Nerve Supply 


The major nerves of the vulva are from the anterior and posterior 
labial nerves. The anterior nerve is a branch of the ilioinguinal nerve, 
and the posterior labial branch is from the pudendal nerve. The 
clitoral nerve supply is from the dorsal nerve of the clitoris and the 
cavernous nerves of the clitoris. Branches of the cavernous nerves, 
arising from the vaginal nerve plexus, join the clitoral dorsal nerve at 
the hilum of the clitoral bodies. The dorsal nerve of the clitoral 
bundle branches from the pudendal nerve. The two clitoral bodies, 
beneath the pubic arch, separate to form the two clitoral crura. 
Immunohistochemical studies have demonstrated that the dorsal 
nerves form two bundles that are extensively distributed along the 
lateral aspects of the clitoral bodies at the eleven and one o'clock 
positions but are sparse at the twelve o'clock position. These join 
distally to form a single clitoral body. The densest nerve groups that 
enter the glans clitoris are found on the dorsal aspect of the clitoris, 
with a concentration of nerves under the epithelium of the glans 
clitoris (72). The vestibule shares the clitoral nerve supply (3,52). 
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Vagina 


Stanley J. Robboy 
Rex C. Bentley 


Introduction 


Tissue from the vagina is infrequently examined via biopsy. 
Excluding the vaginal cuff removed for cervical disease, most 
biopsies and surgical operations are for infection, small intramural 
growths, intrauterine exposure to diethylstilbestrol (DES), or, in 
older women, squamous cell cancer and its precursors. This 
chapter addresses the gross, microscopic, and ultrastructural 
anatomy of the normal vagina. The embryologic discussion focuses 
on developmental perturbations, which provide insights into 
normal and microscopic anatomy. 


Embryologic Changes 


The paired mAYllerian (paramesonephric) ducts appear about the 
thirty-seventh day postconception as funnel-shaped openings of 
celomic epithelium (1,2). These develop into paired, 
undifferentiated tubes that later grow caudally, using the already 
formed wolffian (mesonephric) ducts as a guidewire to reach the 
level of the future hymen (Figure 40.1). The absence of this 
occurrence, the incidence of which is about 1 in 5,000 newborn 


girls, results in the Mayer-Rokitansky-Kuster-Hauser syndrome 
(absence of the vagina and cervix with usually only the remnants 
of the uterine horns) or complete absence of the mAYllerian 
derivatives [vagina, uterus, and fallopian tubes] (3). 


At about day 54, the paired mA‘llerian ducts fuse, becoming a 
straight uterovaginal canal (primordia of uterine corpus, cervix, 
and vagina), the lining of which is an immature columnar 
(MAYllerian) epithelium (Figure 40.2) (4). The above changes 
occur in both female and male embryos. If the fetus is a male, the 
indifferent gonads become anatomically distinct testes at around 
day 44. The testis is important for two products it makes. One, 
mAM“llerian-inhibiting substance (MIS), affects the future of the 
mA“llerian ducts. The other, testosterone, affects the future of 
the wolffian ducts. Shortly after the testes become distinct, Sertoli 
cells initiate MIS production, a protein in the large transforming 
growth factor-i2 family, in amounts effective to cause the 
mAYallerian ducts to regress through a process of programmed cell 
death (5,6). If the embryo is female, testes do not develop. 
Because there is then no MIS, the mAYllerian ducts are not 
inhibited from developing and thus grow without impedance to 
become the uterine tubes, uterus, and vagina. 


Figure 40.1 Region of urogenital sinus disclosing the tips of 
two central mAYllerian ducts that have grown down the 
(outer) paired wolffian ducts (circa day 54). The cytologic 
features of the cells comprising both types of duct are 
indistinguishable on light microscopy at early stages of 
development. Reprinted with permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 
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In contradistinction to MIS, which acts as an inhibitor, 
testosterone stimulates and is required to promote wolffian duct 
growth. In the male, the critical period for testosterone 
stimulation begins early in the tenth week (circa day 71) and 
causes the embryonic wolffian ducts to differentiate into 
epididymis, seminal vesicle, and ductus (vas) deferens. If there 
are no testes (as in the female) and testosterone stimulation has 
not occurred by the close of the critical window (circa day 84), the 
wolffian ducts wither and become vestigial remnants, which in the 
adult are found deep in the vaginal wall. 


Until near the end of week 10 (to about day 66) the uterovaginal 
canal, with its solid tip already in contact with the urogenital 
sinus, continues to elongate caudally, still remaining as a simple 
tube lined by columnar epithelium (Figure 40.2). Beginning in the 
eleventh week, the epithelium stratifies, becoming several layers 
thick. Under one theory, the squamous cells are believed to derive 
from the urogenital sinus, invading the common tube from below 
and growing up the muscular scaffold to completely replace the 
mAYallerian epithelium to the level of the external cervical os (7). 
The transition from mAYllerian to squamous epithelium occurs at 
about the time when nuclear estrogen receptors appear in the 
vaginal stroma (8,9). 


Stratification of the squamous epithelium lining the uterovaginal 
canal heralds formation of the so-called vaginal plate (circa the 
eleventh week). The proliferation progressively occludes the canal 
beginning caudally and extending cranially. Studies with latex- 
injected specimens indicate that even the lateral wings of the 
vaginal plate may become occluded, but a central lumen persists, 
especially in the upper vagina. 


During the thirteenth week (91 days), cervical glands develop; 
they exhibit a wavy architectural appearance but cytologically are 
minimally differentiated. By the fourteenth week, the caudal 
vagina increases markedly in size (Figure 40.3). During the 
fifteenth week, the solid epithelial anlage of the anterior and 
posterior vaginal fornices appear. Starting with the sixteenth 
week, the squamous epithelium lining the vagina and the 
exocervix begins to mature, thus resembling the lining of the adult 
vagina. The epithelium thickens and glycogenates, features most 
likely related to increased maternal and hence fetal estrogen 
levels. As the cells mature, they lose cellular adhesiveness and 
desquamate, heralding the canalization of the vaginal plate and 
thus the onset of the final gross adult structure of the vagina. By 
the eighteenth to twentieth week, the development of the vagina 
is complete. 


Why columnar epithelium with an embryonic appearance should 
initially line the mAMllerian system and later be replaced by 
Squamous epithelium remains of teleologic interest. The answer to 
the mechanism may lie in the vaginal wall stroma. Prior work in 
the mouse has shown that differentiation of the lower genital tract 
epithelium is dependent on the stroma on which it grows (10). For 
example, uterine epithelium, when grown intermingled with 
neonatal vaginal stroma, develops histotypic features of vagina. In 
contrast, vaginal epithelium, if grown with 
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neonatal uterine stroma, develops a uterine phenotype. The final 


epithelium has cytosolic proteins characteristic of the induced 
rather than original epithelial source. 


Figure 40.2 Single mA“llerian tube flanked by two wolffian 
ducts (circa day 67). The cytologic features of the cells 
comprising both types of duct are indistinguishable on light 
microscopy at early stages of development. Reprinted with 
permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Figure 40.3 Sagittal section of pelvis at 16 weeks, showing 
vagina, bladder, urethra, and urogenital sinus. The lower 
genital tract is a straight longitudinal tube; and, at this stage, 
the vagina and cervix cannot be distinguished. Reprinted with 
permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Additional evidence that the vaginal stroma plays a key role in 
epithelial differences comes from embryologic appearance of 
estrogen receptors. Among various body organs tested, the 


receptors are detected only in the genital tract. They appear in the 


mesenchyme at the tenth week, just before the mAYallerian 


epithelium is normally replaced by squamous epithelium of sinus 
origin (8). Epithelial labeling appears later (sixteenth week), at 
the time when the sinus (squamous) epithelium begins to mature 
and accumulate large quantities of glycogen. Interestingly, the 
stroma probably plays a key role in the action of MIS as well; the 
receptor for MIS is located in the stroma surrounding the 
mAYallerian duct rather than in the mAYllerian epithelium (11). 


The developmental morphology of the vaginal mucosa and the 
inductive properties of the stroma supporting the vaginal mucosa 
are complex. For example, a hitherto unrecognized band of 
subepithelial stroma was described in 1973 that extended from the 
endocervix to the vulva (Figure 40.4) (12). It is 0.5 to 5 mm thick 
in mature females and most prominent in the endocervix. It is 
from this zone that fibroepithelial polyps seem to arise, an entity 
of no apparent physiologic function but which clinically should not 
be confused with malignant tumor (13,14). 


Should the squamous epithelium described above fail during the 
critical weeks of embryonic life to replace the 
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original columnar cells lining the vagina, the columnar cells remain 
in an arrested state of development until sometime around 
puberty, when they may further differentiate into the adult-type 
epithelium usually seen in biopsy material. It is conjectured that 
the tuboendometrial type of epithelium is the basic form of 
epithelium supported by the vaginal mesenchyme. In fact, it may 
be that this type of epithelium is the basic type of mAMllerian 
epithelium supported throughout the female genital tract, 
manifesting as serous cells in the uterine tube, endometrioid cells 
in the uterine corpus, and tuboendometrial cells in the 
vaginaa€”cells that are quite similar. In the cervix, a 
tuboendometrial layer of epithelium also lies deep to and as a cuff 
about the luminal layer of mucinous epithelium (15); the 
tuboendometrial layer, which is continuous with the lining of the 
corpus, is readily observed in hysterectomy specimens but is 


located too deep to be detected on biopsy. In fetuses where the 
vaginal lining has become squamous (older than 10 weeks), the 
inner stromal zone is obvious in the uterine tube, endometrium, 
and endocervix and tapers, appearing to end at the 
Squamocolumnar junction of the cervix and vagina. Part of this 
layer may correspond to the most superficial stromal layer in the 
adult vagina described above. The original tuboendometrial layer 
is the origin of glandular remnants in the vagina of adults 
(adenosis). 


Vis “ 


Figure 40.4 Bandlike area composed of loose connective 
tissue and multinucleated cells running the length of the 
vagina. A. Low-power view. B. High-power view. Reprinted 
with permission from: 

Fu YS. Pathology of the Uterine Cervix, Vagina and Vulva. 2nd 
ed. Philadelphia: WB Saunders; 2002. 


Gross Features 


The vagina (from the Latin for sheath) extends from the vestibule 
of the vulva to the uterus, lying posterior (dorsal) to the urinary 
bladder and anterior (ventral) to the rectum. It's axis averages 30 
degrees with the vertical, arching slightly posteriocranially, and 
more than 90 degrees with the uterus (Figure 40.5). The anterior 
wall averages 8 cm in length and the posterior wall 11 cm, with 
the cervix filling the 3 cm difference. In early life, the vagina is 
constricted distally, dilated in the middle, and narrowed 
proximally. It surrounds the exocervix and forms vaultlike fornices 
between its cervical attachment and the lateral wall. In the adult, 
the anterior and posterior walls are slack and remain in contact 
with each other, whereas the lateral walls remain fairly rigid and 
separated. This is thought to give an H-shaped appearance to the 
vaginal canal on cross section (16), although with three- 
dimensional imaging with magnetic resonance imaging (MRI), a 
a€ceWa€e shape is now also recognized (1). During intercourse, 
the position of the uterus and bladder change relative to the 
vagina (17). 
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Figure 40.5 Structural relationships of the vagina. Its axis 
forms an angle of more than 90 degrees with the uterus. 
Reprinted with permission from: 

Zaino R, Robboy SJ, Kurman RJ. Diseases of the vagina. In: 
Kurman RJ, ed. Blaustein's Pathology of the Female Genital 
Tract. New York: Springer-Verlag; 2002:151a€“206. 


Posteriorly, the upper one-fourth of the vagina is related to the 
rectouterine space (i.e., the cul-de-sac or pouch of Douglas), 
which is covered with peritoneum. The middle half of the vagina is 
closely apposed to the rectum, separated only by fibrofatty 
adventitia and the rectovaginal septum. The lower one-fourth of 
the vagina is separated from the anal canal by anal and rectal 
sphincters, as well as the interposing perineal body, which 
contains the origin of the bulbocavernous and superficial 
transverse perineal muscles. 


The urinary bladder and urethra lie anterior to the vagina. The 
urethra courses approximately one-third of its length on the 
vagina and then enters into the vaginal wall to become an 


inseparable part of it, usually terminating with its external meatus 
at the introitus. Typically, the meatus is outwardly directed, but 
not uncommonly it is directed into the outermost vagina. The 
ureters course along both sides of the upper one-third of the 
vagina until entering the bladder wall. 


The vagina opens into the vestibule formed from the urogenital 
sinus. The vestibule lies beneath the urethra and between the 
inner margins of the labia minora. The vagina, urethra, and ducts 
of Bartholin's glands open into the vestibule. The size and shape of 
the vaginal orifice are related to the state of the hymen. When the 
inner edges of 
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the hymen are apposed, the vaginal opening resembles a cleft. 
When stretched, the hymen may persist in the form of a ringlike 
structure about the readily recognized vaginal orifice. (See 
Chapter 39 for the anatomy of the hymenal region.) 


Anatomy 


Ligaments 


The vaginal supports are intimately related to the uterus, urethra, 
bladder, and rectum (18). The lateral supports are called cardinal 
ligaments, the posterior supports sacrouterine ligaments. They 
originate where the isthmus of the uterine cervix and the uterine 
corpus meet and course outward, fanlike to the lateral and 
posterior pelvic walls. The isthmic fibers turn upward onto the 
uterus and downward onto the vagina. These ligaments, the 
connective tissues surrounding the vessels on the lateral vaginal 
walls, and the close proximity of the rectum, bladder, and urethra 
all contribute to support the vagina within the pelvis. 


Blood Supply 


The blood supply to the vagina is complex, with extensive 
anastomoses maintaining an adequate blood supply to all areas of 
the vagina in the event that injury restricts any single route of 
supply. The internal iliac (hypogastric) artery is the principal 
source of blood cranially as branches of the uterine arteries and 
caudally as branches of the middle hemorrhoidal arteries and 
pudendal arteries. Beginning cranially, the uterine artery gives off 
a descending branch, the cervicovaginal artery. Several branches 
Supply the cervix. Lower branches supply the vagina. The vaginal 
arteries, which lie lateral to the vagina, send branches to both the 
anterior and posterior surfaces. The lower vagina receives its 
supply from ascending branches of the middle hemorrhoidal 
arteries and pudendal arteries, which also divide to send rami to 
the anterior and posterior vaginal walls. In toto, the extensive 
rami form a plexus around the vagina from which arise the median 
arteries, the azygos vaginal arteries on the anterior and posterior 
walls. A rich venous plexus also surrounds the vagina and 
communicates with the vesicle, pudendal, and hemorrhoidal 
venous plexuses, which empty into the internal iliac veins. 


Nerves 


The autonomic system of the pelvis originates in the superior 
hypogastric plexus. The middle hypogastric plexus, which passes 
into the pelvis, divides at the level of the S1 (sacral) vertebra into 
branches that pass to both sides of the pelvis and initiate the 
inferior hypogastric plexus. The inferior hypogastric plexus, a 
divided continuation of the middle hypogastric plexus, the superior 
hypogastric plexus, and the presacral nerve, descends into the 
pelvis in a position posterior to the common iliac artery and 
anterior to the sacral plexus; it curves laterally and finally enters 
the sacrouterine ligament. The medial segment of the primary 
division of the sacral nerves (S2a€“S5), as it sends fibers into the 
pelvic plexus located within the sacrouterine folds, appears to 
contain both sympathetic (inferior hypogastric plexus) and 


parasympathetic (nervi erigentes) components. An extension of 
this plexus, located in the base of the broad ligament and supplied 
by the middle vesical artery, contains many ganglia. Most nerves 
enter the uterus near the isthmus. A lesser number descend along 
the lateral vagina, a pattern similar to the arteries that supply the 
vagina. 


Lymphatic Drainage 


The vaginal lymphatic system, despite the simplified view given 
here, is highly variable (Figure 40.6) (19). The lymphatics begin 
as a delicate plexus of small channels involving the entire mucosa 
and lamina propria and then drain into a deep muscular network. 
They terminate in a perivaginal plexus from which arise collecting 
trunks, which themselves coalesce into several larger channels. 


The lymph drainage follows patterns that reflect functionally 
diverse geographic regions. The lymphatics of the upper anterior 
wall join those of the cervix, where they follow the cervical vessels 
to the uterine artery and accompany it to terminate in the medial 
chain of the external iliac 
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nodes. The lymph from the posterior vagina drains into deep 
pelvic, rectal, and aortic nodes. The lymphatics of the lower 
vagina, which also include the hymenal region, follow two distinct 
courses. One passes to the interiliac nodes in company with the 
upper vaginal discharge. The other traverses the paravesical 
Space, carrying lymph to the deepest portions of the pelvis and 
draining into the inferior gluteal nodes near the origin of the 
vaginal or internal pudendal artery. The channels that anastomose 
with those of the vulva drain to the superficial iliac nodes. In 
summary, as a practical matter, one can generalize that tumors in 
the upper vagina will spread like cervical carcinoma to involve 
obturator and both internal and external iliac nodes. In contrast, 
tumors in the lower vagina will tend to involve superficial iliac 


(inguinal) and deep pelvic nodes, similar to vulvar cancer. 
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Figure 40.6 Lymphatic drainage of the vagina. Reprinted with 
permission from: 

Moore TR, Reiter RC, Rebar RW, Baker VV, eds. Gynecology 
and Obstetrics: A Longitudinal Approach. New York: Churchill 
Livingstone; 1993. 


Light Microscopy 


Epithelium 

The vaginal wall consists of three principal layers: mucosa 
(epithelial and submucosal stroma), muscle, and adventitia. The 
epithelium is about 0.4 mm thick and, on gross examination, 
exhibits a characteristic pattern of folds or rugae separated by 
furrows of variable depth. There are two longitudinal (anterior and 
posterior) and multiple transverse furrows. The rugal pattern of 


the vaginal mucosa, which contributes to the organ's elasticity, 
produces an undulating appearance on microscopic examination in 
contrast to the flat surface of the cervix. The rugae, which are 
more prominent in nulliparous than multiparous women, reinforce 
the gripping effect of the levator ani and vaginal constrictor 
muscles during intercourse. Nonkeratinized glycogenated 
Squamous epithelium lines the luminal surface in a manner similar 
to cervical epithelium. The normal vaginal mucosa lacks glands. Its 
surface is lubricated both by fluids that pass directly through the 
mucosa and by cervical mucus. 


The mature, stratified squamous epithelium can be subdivided into 
several layers, typical of Squamous epithelia elsewhere in the body 
(Figure 40.7). From the base to the surface, they are the deep, 
intermediate, and superficial zones. The deep zone contains the 
basal cell layer and, above this, the parabasal layer. Both are the 
active proliferative compartments or germinal beds, as shown by 
the Ki-67 antigen, which is demonstrable during late G1, G2, and 
M phases of the cell cycle (Figure 40.8). The basal cell layer 
consists of a single layer of columnar-like cells, approximately 10 
Aum thick, the long axis of which is vertically arranged. The cells 
have a basophilic cytoplasm and relatively large oval nuclei. 
Mitoses may be present. Occasional melanocytes also are found. 


Figure 40.7 Mucosa of the adult vagina. Mature cells with 
glycogenic cytoplasm and pyknotic nuclei occupy most of the 
epithelial thickness. There is a single layer of dark basal cells 
and three to four layers of intermediate cells. Reprinted with 
permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


The parabasal layer is poorly demarcated from the overlying cell 
layers. It consists usually of about two layers of small polygonal 
cells, having a total 14 Aum thickness, often with intercellular 
bridges. The cells have basophilic cytoplasm, a relatively large, 
centrally placed, round nucleus, and occasional mitoses. 


The intermediate cell layer is of variable thickness. The cells have 
prominent intercellular bridges, a naviculate configuration, and a 
long cell axis paralleling the surface. The cytoplasm is basophilic, 
although some glycogen may be present. The nuclei are round, 
oval, or irregular, with finely granular chromatin. This layer of 
cells has about 10 rows of cells of about 100 Aum thickness. 


The superficial layer is also of variable thickness. The cells are 
polygonal when viewed from above and flattened when viewed in 
cross section. The cytoplasm is acidophilic, and the nuclei are 
centrally located, small, round, and pyknotic. Keratohyalin 
granules are sometimes seen in the cytoplasm. This layer also 
contains about 10 rows of squamous cells. 


Relatively little is known about the normal components of the 
epithelium itself. The submucosa contains a variety of 
mononuclear cells demonstrable by immunocytochemical 
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methods. The dendritic processes of Langerhans cells (about 4 per 
high power field) are distributed throughout the mucosa (20). We 
have found them largely in the deeper layers, but they can extend 
into the superficial fields (Figure 40.9). Both T8 and, to a lesser 
degree, T4 lymphocytes are also frequently found, whereas 
macrophages and B lymphocytes are relatively uncommon. 


Figure 40.8 Ki-67 antigen, demonstrable during late Gl, G2, 
and M phases of the cell cycle, in the basal and parabasal 
layers of the normal vaginal mucosa. Reprinted with 
permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Epithelial Response to Hormones 


Vaginal epithelial cells proliferate and mature in response to 
stimulation by ovarian or exogenous estrogenic hormones. Hence, 
it would seem that the total number of squamous cell layers would 
vary greatly during the normal menstrual cycle and as a woman 
passes through the various stages of the life cycle, that is, birth, 
childhood, reproduction, and the postmenopausal years. Earlier 
work indicated the high occurred at ovulation (average 45 layers). 
It built slowly during the proliferative phase and averaged 22 on 


day 10. After ovulation, the number receded to 33 on day 19 and 
to 23 on day 24 (21,22). More recent workers found there was a 
Statistically significant decrease from 27.8 on days 1 to 5 and 28.1 
on days 7 to 12 to 26.0 on days 19 to 24, but clinically this 
appears to be of little import (20). 


Without hormonal stimulation, the cells atrophy (Figure 40.10). At 
the peak of estrogenic activity (i.e., just before ovulation), the 
Superficial cells with abundant intracytoplasmic glycogen 
predominate, both on histologic section and in smears (Figure 
40.11). Lactobacilli metabolize the glycogen normally present in 
the vagina to lactic acid, which maintains an acid vaginal pH 
(about pH 4.4 during the late proliferative and secretory phases) 
(23). 


Figure 40.9 The dendritic processes of Langerhans cells. 
Reprinted with permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Progesterone inhibits maturation of the vaginal epithelium. 
Consequently, intermediate cells predominate when the circulating 
levels of progesterone are high; for example, during the 
postovulatory phase of the menstrual cycle or during pregnancy. 
Estrogenic activity is low or absent before puberty and after the 
menopause; the vaginal 
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epithelium fails to mature and hence remains thin. Parabasal and 
intermediate cells predominate in the vaginal smear. In the 
newborn child, the vaginal epithelium is frequently mature because 
of the influence of placental estrogens (Figure 40.12). Quantitative 
studies measuring the rate of change in the maturation index in 
the infant's vagina from birth to the atrophic state indicate that 
vaginal cells replace themselves in less than two weeks; that is, 
the time required for basal cells to work their way up and become 
desquamated superficial cells. Studies of the exocervix indicate 
that turnover there is also rapid (24). 


prs 
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Figure 40.10 Atrophic vagina. Reprinted with permission 
from: 
Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 


in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Figure 40.11 Vaginal smear, showing basal cell, two 
intermediate cells, and a superficial cell (Papanicolaou stain). 
Reprinted with permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Figure 40.12 Vaginal mucosa of a near-term fetus. Mature 
cells predominate and cannot be distinguished from that of the 
adult (compare with Figure 40.7). In addition, two adenotic 
glands of the embryonic type are present. Reprinted with 
permission from: 

Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


The submucosa, or lamina propria, lies beneath the squamous 
epithelium. It contains elastic fibers and a rich venous and 
lymphatic network. Sometimes the superficial lamina propria 
discloses a bandlike zone of loose connective tissue that contains 
atypical polygonal to stellate stromal cells with scant cytoplasm 
(Figure 40.4). Many cells are multinucleated or have 
multilobulated hyperchromatic nuclei. Few are mononucleate. 
Mitoses are not observed. These atypical stromal cells are thought 
to give rise to fibroepithelial polyps, which have been observed 
within the cervix, vagina, and vulva. They have been shown to be 
fibroblastic in origin. 


Vaginal Wall and Adventitia 


The vaginal musculature is continuous with that of the uterus. The 
outer layers in muscle of both the uterus and vagina run 
longitudinally to pass out onto the lateral pelvic wall to form the 
Superior and inferior surfaces, respectively, of the cardinal 
ligaments. The longitudinal muscle fibers continue to course the 
length of the vagina to the region of the hymenal ring, where they 
gradually disappear in the connective tissue. On the anterior 
vaginal wall, the longitudinal muscle fibers are displaced by the 
urethra more than diminished in number. The inner muscle layer 
of the vagina forms a Spiral-like course, appearing in microscopic 
sections aS somewhat circular in direction. 


The adventitia is a thin coat of dense connective tissue adjoining 
the muscularis. The connective tissue of the adventitia merges 
with the stroma, connecting the vagina to the adjacent structures. 
This layer contains the many veins, lymphatics, nerve bundles, 
and small groups of nerve cells. 


Ultrastructure 


On ultrastructural examination, the component layers are not 
sharply demarcated from each other. Rather, they may be 
somewhat difficult to distinguish because each layer has ill-defined 
limits and displays gradual changes in structure (25). In general 
the ultrastructural changes observed by transmission electron 
microscopy resemble those of the exocervix and mucosal 
squamous cells and are not further covered herein. 


On scanning electron microscopic examination, the superficial cells 
appear large (50 Âum in greatest dimension) and polygonal. The 
intercellular edges are narrow and dense and protrude slightly. 
The pattern of fine webbing and anastomotic intercellular bridges 
typifies  nonkeratinized 
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Squamous epithelium, such as that observed in buccal mucosa. The 
key structure on the cell surface is the microridge, or in reality 
myriad microridges, which are interanastomotic longitudinal 
elevations of the plasma membrane 0.2 nm long and 0.1 nm high 
(Figure 40.13). Arranged in dense convolutions, they tie one cell 
to another, operating in a zipper-fastener principle. They are 
thought to provide surface adhesion. Desmosomes are prominent 
in these areas. 


Figure 40.13 Intricate network of microridges on surface 
plasma membrane of most superficial squamous cells living in 
the normal vaginal lumen. Scanning electron microscopy 
(original magnification A—10,000). Reprinted with permission 
from: 

Ferenczy A, Richart RM. Female Reproductive System: 
Dynamics of Scan and Transmission Electron Microscopy. New 
York: John Wiley; 1974. 


Microridge formation depends on the topographic configuration of 
disulfide-rich keratin or keratin precursors, which are absent in 
immature precursor cells, such as intermediate cells and young 
metaplastic squamous cells. From midcycle and early in the luteal 
phase, intercellular grooves widen. Porelike widening (porosites) 
of the intercellular crevices takes place where several cells 
interconnect. This porosity is thought to enhance continuity of the 
intercellular space system of the vaginal epithelium and the 
vaginal surface, thus permitting free passage of vaginal lubricating 
fluid. 


Information about changes at the biochemical and immunological 
levels is relatively little, but clearly the cells at various levels show 
dramatic differences. Part may reflect degrees of cellular maturity. 
Part may reflect subcellular specialization. Like other epithelia, 
both squamous and glandular alike, the pattern of cytokeratin 
expression reflects the state and nature of differentiation of the 
epithelial cells. The vaginal mucosa reflects that of other 
nonkeratinized squamous epithelium. Cytokeratin 14 (CK14) is 
demonstrable in the basal layer and CK13 in the parabasal layer, 
the latter supporting a subpopulation of cells that express CK10 
(26). In ways uncertain, the differentiating cells show changes 
that have other effects. One is its influence on bacterial binding, 
such that cellular receptors that develop in the differentiated cells 
enhance adhesion of pathogenic bacteria. As one example, 
differentiated vaginal mucosal cells express receptors to 
Escherichia coli type 1 pill, which are surface-adhesive organelles 
(26). Such colonization where fecal E. coli are present in the 
vaginal introitus may be a key initial event leading to acute 
urinary infection. Another example is the presence of a surfactant 
protein (SP-A), which the human vaginal epithelial cells secrete. 
This factor, an important host defense, acts to facilitate 
micoorganism phagocytosis (27,28). 


Differential Diagnosis and Special 
Anatomy 


Wolffian Ducts 


The wolffian duct, known otherwise as the mesonephric duct or 
Gartner's duct, is vestigial in the adult female (Figure 40.14). It 
begins to irreversibly wither if not stimulated to develop by 
testosterone before the thirteenth week postconception. This 
paired duct is most commonly situated in the lateral vaginal walls, 
although we have encountered it in all areas. Where encountered 
by chance in a radical vaginectomy specimen, the ducts are 
virtually always invisible grossly. Mitoses are absent. Usually it is 
a small duct or clusters of small glands about a duct. The lumen is 
filled frequently with a deeply eosinophilic, hyalinized secretion. 
The single layer of cells lining the duct is primarily composed of 
the cell nucleus. The cytoplasm is scant, relatively translucent, 
and lacks cilia. The nuclei frequently overlap. The chromatin is 
Strikingly bland. On a 
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clinical basis, individual ducts occasionally become cystic and 
macroscopically visible. In the cervix, these ducts rarely appear 
diffusely throughout the wall and appear as mesonephric 
hyperplasia or even adenoma (29). We also have seen rare cases 
where the neoplasm present appeared to be a true wolffian duct 
carcinoma. 


Figure 40.14 A. Vestigial wolffian duct remnants, deep in 
wall. B. Detail of central duct and arborized ductal terminals 
with eosinophilic secretions. Reprinted with permission from: 
Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 


Remnants of MAIlerian Duct 
Epithelium (Adenosis) 


The DES story began in 1938 when this nonsteroidal estrogen was 
synthesized and then gained popularity for the treatment of high- 
risk pregnancy. By 1971, up to two million women had taken the 
drug, at which time it was linked to the extremely rare 
development of clear cell adenocarcinoma of the vagina in young 
female offspring. Subsequently, about one-third of the exposed 
young women were found to have adenosis (presence of glandular 
tissue in the vagina). Both retrospective and prospective studies 
have shown that adenosis can be found in nonexposed women 


also, albeit rarely. In both exposed and nonexposed women, the 
adenosis is related to embryonic mA*llerian tissue that has 
remained entrapped and not been replaced by squamous 
epithelium during fetal life. 


Adenosis appears in three forms. One type, the embryonic form, is 
exceedingly rare. The other two are the adult and common forms. 
In adenosis found during fetal life and in stillborns, but only rarely 
in adults, the glands are embryonic in character (Figures 40.12, 
40.15) (30). They are small, usually at the epitheliala€“stromal 
interface, and are characterized by individual cells with small basal 
nuclei and copious bland cytoplasm that does not stain with either 
periodic acid-Schiff or mucicarmine. 


It is believed that adenosis takes on its adult forms in women 
some time during puberty (31,32). Mucinous columnar cells, which 
by light and electron microscopy resemble those of the normal 
endocervical mucosa, comprise the glandular epithelium most 
frequently encountered as adenosis (62% of biopsy specimens with 
vaginal adenosis). This epithelium, because it frequently lines the 
surface of the vagina, is the type most commonly observed by 
colposcopy. Commonly, the mucinous columnar cells also line 
glands embedded in the lamina propria. This form of epithelium 
gives rise to the progestin-stimulated lesion, microglandular 
hyperplasia of the vagina (33). 


Dark cells and light cells, often ciliated and resembling the lining 

cells of the uterine tube and endometrium, are found in 21% of 

specimens in the upper vagina with adenosis. This form of 

adenosis has been called tuboendometrial, although serous might 

be equally appropriate. The cells are usually found in glands in the 

lamina propria and not on the vaginal surface. Although adenosis 
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in the lower vagina is rare in absolute number, the percentage of 

biopsy specimens with adenosis that exhibits tuboendometrial 

rather than mucinous cells increases markedly in frequency in 


comparison with the more cranial aspects of the vagina. The 
tuboendometrial cell, which is benign, is the cell that we believe is 
related to clear cell adenocarcinoma, possibly through atypical 
adenosis, a transitional form (15,34). Mucinous glands and 
mucinous pools or droplets are encountered frequently in the same 
biopsy specimen; mucinous and tuboendometrial cells are found 
together only occasionally in biopsy material. The tuboendometrial 
form of adenosis is the instrumental type of glandular cell induced 
by all regions of the mA*Yllerian duct, be it uterine tube, uterus, or 
vagina, whereas the mucinous cell is generally specific to the 
endocervix or, after DES exposure, to the deformed region of the 
cervix, which becomes ill-defined and includes what appears to be 
the upper vagina. 


Figure 40.15 Vaginal adenosis in which the glandular 
epithelium is mucinous (A), tuboendometrial (B), or of the 
immature embryonic type (C). Reprinted with permission from: 
Robboy SJ, Ellington KS. Pathology of the Female Genital Tract 
in Kodachrome Slides. 2nd ed. Durham, NC: Gyn-Path 
Associates; 1996. 
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Introduction 


The fallopian tubes and uterus in many ways constitute a natural 
anatomic and functional unit. They both derive embryologically from 
the mA‘“llerian duct. Taken together, they provide the locations for 
the fusion of the descending egg and the ascending spermatozoon, 
the implantation of the resulting blastocyst, the incubation of the 
developing gestation, and they ultimately provide the mechanism 
for the delivery of the conceptus at term. They have a common 
anatomic organization and share common responses to a changing 
steroidal milieu. Looking beyond normal structure and function to 
pathology, the fallopian tube and the uterus, together with the 
Ovarian surface epithelium, comprise what has been termed the 
extended mAMllerian system (1 ,2 ), which gives rise to a common 
set of neoplasms and nonneoplastic metaplastic epithelial changes. 
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This chapter emphasizes those aspects of normal histology and 
immunohistochemistry relevant to the diagnostic pathologist and 


focuses on those features of the normal uterus and fallopian tubes 
that, because of their striking appearance or unfamiliarity, raise the 
issue of pathologic alterations. 


Accounts of conventional light microscopic appearance of the 
fallopian tube and uterus have not changed substantially over the 
past several decades. This is in sharp contrast to the impressive 
gains in our knowledge of the biochemical and physiologic details of 
the normal function of these organs. Parallel advances have been 
made in microsurgery and radiologic imaging techniques. Increasing 
use of in vitro fertilization and embryo transfer technology has 
exploited these advances, and that in turn has prompted a return to 
many ancient questions: Why do women menstruate? What exactly 
does the endometrium do? Does it have an endocrine function? 
What are the functions of the many endometrial secretion products? 
Which of these endometrial contributions are essential to initiating 
and successfully sustaining a gestation? There has been an 
explosion of knowledge concerning the hormonal control of the 
reproductive system, fueled in large part by efforts to induce 
ovulation with pharmacologic agents. This has led in recent decades 
to a much more extensive knowledge of the neuroendocrine 
regulation of the menstrual cycle, the detailed anatomy and 
endocrinology of ovarian folliculogenesis, ovulation and corpus 
luteum function, the mechanism of action and genetics of steroid 
receptors, and the mechanisms responsible for normal menstrual 
bleeding. Paradoxically, most of this information is currently not of 
direct relevance to diagnostic pathologists. The practical orientation 
of this work notwithstanding, to ignore this knowledge would impart 
a distinctly dated character to this chapter. Therefore, we include a 
rough outline of some of this information and direct the interested 
reader to sources with a more detailed treatment of these issues. 


This chapter first discusses the embryology and gross anatomy of 
the uterus and the fallopian tubes and then turns to the normal 
histology of the cervix, endometrium, myometrium, fallopian tube, 
and broad ligament. 


Embryology 


The uterus and fallopian tubes have a complex developmental 
history (3 ,4 ,5 ,6 ,7 ,8 ,9 ,10 ,11 ). For poorly understood reasons, 
precursors of both male and female internal genitalia are laid down 
early in each embryo in a manner analogous to the initial 
development of the bipotential gonad. This is known as the 
indifferent stage of genital development. Upon completion of this 
indifferent stage, definitive female differentiation is accompanied by 
regression of the male anlage, whereas male differentiation is 
accompanied by regression of the female anlage. Topographically, 
both of these systems are intimately related to the developing 
urinary tract, and, not surprisingly, anomalous development of the 
internal genitalia is often accompanied by anomalies of the urinary 
tract. Fetal sexual differentiation is completed during the first half 
of gestation; the last half is marked primarily by growth of the 
newly established genitalia. Relevant milestones have been 
Summarized by Ramsey (12 ) (Figure 41.1). 


The Indifferent Stage 


By the 6th week of fetal life the urogenital sinus and the 
mesonephric (wolffian) ducts are well established. At this time the 
paired mA*llerian (paramesonephric) ducts begin their 
development. These structures are formed by an invagination of the 
celomic epithelium adjacent to that investing each developing ovary. 
The mAYallerian ducts are intimately related to the mesonephric 
ducts, and their normal formation appears in fact to be dependent 
on the presence of the mesonephros. 


As the mA*llerian ducts grow caudally, they approach the midline 
where the distal portions fuse. Shortly after this fusion, the apposed 
medial duct walls disappear, bringing the two lumina into continuity 
to form a single cavity. Further downward growth of the fused 
mAYallerian structures (now termed the uterovaginal primordium) 


brings them into contact with the urogenital sinus. At this stage 
both the mesonephric ducts and the mAYllerian ducts are present in 
the fetus. 


Female Differentiation 


The differentiation of the indifferent internal genitalia into male or 
female structures depends on whether the fetus possesses ovaries 
or testes. In the male fetus, the Leydig cells and the Sertoli cells in 
the developing testes secrete testosterone and a_ nonsteroidal 
mAYallerian inhibiting substance respectively; the latter, 
antimA“llerian hormone (ATM) is a member of the transforming 
growth factor-i2, family of glycoprotein differentiation factors (13 ). 
The net effect of this secretory activity is to ensure the persistence, 
differentiation, and growth of the mesonephric ducts to form the 
male genital system and the regression of the mAYllerian system. 
In the absence of a secreting testis (e.g., in a normal female fetus 
with ovaries or in a fetus with nonfunctioning gonads) the 
mAUllerian structures persist, whereas the mesonephric ducts 
regress. The nonfused portions of the mA*llerian ducts form the 
fallopian tubes; the fused segments develop into the uterus and 
probably the upper third of the vagina. Incomplete fusion of the 
caudal portion of the mA%llerian ducts results in a spectrum of 
uterovaginal abnormalities (14 ). 
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Figure 41.1 Chart showing interrelations and time sequence of 
events in the development of genitourinary system. Reprinted with 
permission from: 

Ramsey E. Embryology and developmental defects of the female 
reproductive tract. In: Danforth DN, Scott JR, eds. Obstetrics and 
Gynecology . 5th ed. Philadelphia: JB Lippincott; 1986:106â€“119. 
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By the 21st week, the uterus and vagina are well formed. In 
contrast to the adult cervix, the cervix of the prenatal uterus is 
disproportionately large and makes up two thirds of the length of 
the organ. The second half of gestation is marked by uterine 
growth; from the 28th week to birth, a period of approximately 10 
weeks, the fetal uterus doubles in size. However, the earlier 
cervicocorpus disproportion is maintained into childhood. 


The events described above are driven, at least in part, by the 


expression of secreted ligands of the wingless (WNT) gene family 
and transcriptional regulators of the homeobox (HOX) gene family 
(iS L57); 


Gross Anatomy 


Premenarchal Uterus and Fallopian 
Tubes 


Neonatal Period 


At birth the uterus averages about 4 cm in length, and its bulk and 
shape are dominated by its disproportionately large cervix (the 
cervicofundal ratio is approximately 3a€“5:1) (Figure. 41.2 ). The 
impact of the maternal hormonal environment is reflected in the 
markedly thickened rugal vaginal mucosa typically present at birth 
and, to a certain extent, in the histologic appearance of the 
endometrium, which is most often proliferative or weakly secretory. 
Maternal estrogen also results in cervical squamous cell maturation 
with glycogen storage. These mucosal changes regress shortly after 
birth (16 ,17 ,18 ). 


Infancy 


Uterine growth continues into the second year of life, at which time 
it reaches a plateau that persists until the premenarchal growth 
spurt at about 9 years of age. Until approximately age 13, the 
cervix continues to account for greater than half of the uterine 
length. 


Adult Uterus and Fallopian Tubes 


General Relations and Attachments 


The uterus is located anterior to the rectum and posterior to the 
bladder (Figure. 41.3 ). It is covered anteriorly and posteriorly by a 
reflection of pelvic peritoneum that continues laterally to form the 
anterior and posterior leaves of the broad 
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ligament. The posterior peritoneal reflection forms the uterine wall 
of the pouch of Douglas and covers a longer segment of the uterine 
isthmus than does the anterior peritoneal reflection. The tentlike 
broad ligaments house the major uterine vessels and the efferent 
lymphatic trunks; they also contain the fallopian tubes at their 
apices. Each ovary is attached to the ipsilateral uterine cornu by the 
utero-ovarian ligament, which is situated posterolateral and inferior 
to the uterine attachment of the fallopian tubes. The round 
ligaments arise anterolateral and inferior to the attachment of the 
fallopian tubes and pass anteriorly to insert into the canal of Nuck. 
These anatomic relations are of obvious importance 
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to the surgeon but also of value to the pathologist because they 
often enable proper orientation of the hysterectomy specimen. The 
anterior surface of the uterus is distinguished by its longer 
a€cebarea€* region (i.e., lacking peritoneum) and the anteriorly 
directed stump of the round ligament. The posterior surface is more 
extensively covered by peritoneum, and the utero-ovarian ligament 
is attached to the posterior cornual aspect of the uterus. The uterus 
is anchored to its surroundings by a number of connective tissue 
bands; notable among them are the cardinal, uterosacral, and 
pubocervical ligaments (11 ,18 ,19 ,20 ). 
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Figure 41.2 Drawings illustrating comparative sizes of prepubertal, 


mature nonparous, and parous uteri. The relative 
uterine corpus and cervix are seen to change with 
Frontal and sagittal sections are presented. (After 
Crosby.) Reprinted with permission from: 

Ramsey E. Development of the human uterus and 
adult condition. In: Chard T, Grudzinskas JG, eds 
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Figure 41.3 The normal internal female genitalia. Reprinted with 
permission from: 

Crafts R, Krieger H. Gross anatomy of the female reproductive tract, 
pituitary, and hypothalamus. In: Danforth D, Scott J, eds. Obstetrics 
and Gynecology . Philadelphia: JB Lippincott; 1986:64. 
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Gross Anatomic Features of the Uterus 


The adult nulliparous uterus is a hollow, pear-shaped muscular 
organ weighing 40 to 80 g and measuring approximately 7 to 8 cm 
along its long axis, 5.0 cm at its broadest extent (cornu to cornu), 
and 2.5 cm in anteroposterior dimension. These measurements vary 
considerably as a function of age, phase of the menstrual cycle, and 
parity. In general, high parity and youth are positively correlated 


with increasing uterine size (21 ). The adult uterus consists of an 
expanded body, the corpus, and a smaller cervix. That portion of 
the corpus cephalad to a line connecting the origin of the two 
fallopian tubes is called the fundus. The cornua are the two lateral 
regions of the fundus associated with the intramural portion of the 
fallopian tubes. The remainder of the corpus tapers from the fundus 
into the isthmus or the lower uterine segment, which shares 
histologic features with both of the uterine segments that it bridges: 
the uterine corpus and the endocervix. The existence of an 
anatomically and functionally significant lower uterine segment has 
been disputed by some authorities (22 ). The uterine cavity has the 
approximate configuration of the uterus, but its internal dimensions 
are much smaller, reflecting the substantial thickness of the uterine 
wall. The cavity is triangular, and the apices of this potential space 
are continuous with the lumina of the fallopian tubes at the two 
cornua and with the endocervical canal at the internal os. The 
length of the cavity is approximately 6.0 cm. Again, these 
measurements vary considerably with the age and parity of the 
individual (23 ). The cervix is roughly cylindrical and normally 
measures approximately 3 to 4 cm in length (24 ). It is pierced 
through its center by the endocervical canal. Traditionally, the 
endocervical canal has been described as having an external os that 
opens onto the exocervix and an internal os that separates the 
endocervical canal from the endometrial cavity. Although the former 
is a reasonable anatomic landmark, the latter is not because 
grossly, the transition from endometrial cavity to endocervix is 
gradual, without abrupt anatomic demarcation between endocervix 
and endometrium. This is histologically mirrored by the gradual 
transition of the mucosa in this region from endocervical type to 
endometrial type. The mucosal surface of the endocervical canal is 
deeply clefted to form the plicae palmatae. The lateral connective 
tissue attachments of the uterus are referred to as the parametria; 
they contain vessels, nerves, lymphatics, and lymph nodes. 


The normal myometrium consists of two strata: an outer 


longitudinal muscle layer covering the fundus and an inner circular 
submucosal muscle layer extending to surround the internal os and 
the tubal ostia. There is an interposed thick middle layer, richly 
populated by vessels and composed of randomly interdigitating 
fibers (25 ). The magnetic resonance imaging (MRI) correlate of 
these layers is the outer zone and the submucosal low intensity halo 
a€cagjunctional zonea€* (26 ,27 ). Functionally, the junctional zone 
appears to be more involved with menstruation while the outer zone 
assumes a prominent role in gestation and parturition. 


Parenthetically, Toth has described two lateral subserosally situated 
longitudinal bands of distinctive muscle fibers, the fasciculus 
cervicoangularis (28 ,29 ). On occasion, epithelium that is 
immunohistochemically and histologically similar to cervical 
mesonephric remnants is present within this bundle, suggesting that 
these structures represent the vestiges of the wolffian 

(mesonephric) duct which is more commonly encountered in the 
cervical stroma (a€coemesonephric restsa€* ) and lateral vagina 
(Gardner's duct and derivative cysts). 


Substantial deviations from the nulliparous adult uterus naturally 
occur throughout adult life. The uterus undergoes small-amplitude 
changes in size during the menstrual cycle, attaining its greatest 
volume during the secretory phase (27 ). During pregnancy, of 
course, the uterus enlarges much more dramatically to 
accommodate the growing conceptus. This growth is due largely to 
myocyte hypertrophy and hyperplasia, an increase in uterine 
vasculature, and in extracellular matrix; the net weight increases 
10-fold during pregnancy. After delivery, uterine size rapidly 
decreases, and over the ensuing weeks a striking resorption of 
connective tissue occurs that is associated with a decrease in the 
size of individual myocytes (30 ). However, the uterus generally 
does not return completely to its nulliparous size and weight. Prior 
pregnancy (parity) can be deduced from several gross features. The 
multiparous nongravid uterus tends to weigh more in consequence 
of its thicker and more prominently layered muscular walls; this 


increase in weight is proportional to the patient's parity (21 ). The 
vasculature of the multiparous uterus tends to be more prominent. 
The most suggestive changes of previous pregnancy, however, are 
seen in the cervix. The nulliparous circular small external os is 
transformed after pregnancy into a slit that forms prominent 
anterior and posterior lips. In addition, healed cervical lacerations 
may be pronounced, and enough endocervical tissue may reside on 
the exocervix to give it a red granular appearance near the os. With 
the waning of ovarian hormone synthesis during the menopausal 
years, the uterus involutes and atrophies. This is reflected by a 
decrease in its weight and its dimensions. On occasion the 
endocervical 
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canal is almost completely obliterated. Exogenous estrogens 
administered during this period sometimes maintain uterine weight 
artificially despite the loss of ovarian hormonal support. 


Gross Anatomic Features of the 
Fallopian Tubes 


The fallopian tubes are hollow, epithelium-lined muscular structures 
11 to 12 cm in length that run through the apex of the broad 
ligament to span the uterine cornu medially and the ovary laterally. 
Each tube is divided into four anatomic segments. The intramural 
segment begins at the funnel-like uppermost recess of the uterine 
cornu and ends where the tube emerges from the uterine wall. The 
course of this 8-mm, pinpoint Ilumened segment varies from straight 
to highly convoluted (31 ). Beyond the uterine wall the proximal 
tube continues for 2 to 3 cm as the isthmus, a thick-walled, narrow- 
calibered segment that merges into a comparatively thin-walled 
expanded area, the ampulla. The distal tube ends in the trumpet- 
Shaped infundibulum whose mouth opens into the peritoneal cavity 
and is fringed by approximately 25 fimbria. One of these, the 
ovarian fimbrium, attaches to the ovary. At the time of ovulation 


the infundibulum forms a cap over the ovarian surface to create the 
ovarian bursa. The tubal mucosa and the underlying endosalpingeal 
stroma are thrown up into longitudinal, branching folds (the plicae) 
whose branches increase in complexity from the isthmus to the 
infundibulum. The plicae terminate in the fimbria. At the time of 
ovulation the fimbria sweep over the surface of the ovary to 
facilitate egg capture (13 ,32 ,33 ,34 ,35 ). 


Uterine and Tubal Vasculature 


The major arterial supply of the uterus derives from the right and 
left uterine arteries, which arise from the corresponding hypogastric 
(internal iliac) arteries. The uterine artery divides into ascending 
and descending branches laterally at the level of the uterine 
isthmus. The ascending uterine artery anastomoses freely with the 
ovarian artery (a branch of the aorta) in the mesosalpinx, whereas 
the descending branch anastomoses with the vaginal arterial supply. 
Both the ascending and descending uterine arteries give rise to a 
complex network of circumferentially arranged subserosal arteries: 
the arcuate arteries. These, in turn, give rise to a series of radial 
arteries that penetrate the myometrium. Each of these radial 
vessels branches, in the inner third of the myometrium, into straight 
arteries (Supplying the basalis) and spiral arteries that become the 
spiral arteries of the endometrium (36 ,37 ,38 ). 


A striking characteristic of the adult intramyometrial uterine arteries 
is their marked tortuosity. This, no doubt, has to do with the 
variation in uterine size during reproductive life. In the 
postmenopausal years, striking degenerative changes may be seen 
in the uterine arteries, including intimal proliferation, fibrosis, and 
medial calcification. The severity of these changes is typically out of 
proportion to degenerative changes in nonuterine arteries. The 
venous drainage of the uterus parallels its arterial supply. 


Uterine and Tubal Lymphatics 


Lymphatics are present in both the cervix and the corpus. In the 
endometrium these vessels are intimately associated with the 
glands of the functionalis. The myometrium and cervical stroma 
contain a complex labyrinth of lymphatics that course toward the 
subserosal plexus. The channels forming the latter ramify over the 
entire surface of the uterus, and the confluence of these channels 
forms the major efferent lymphatic trunks of the uterus. The chief 
interest in lymphatic drainage for the pathologist is as a guide to 
the dissemination of carcinoma. The major lymph node groups 
draining cervical and endometrial carcinoma are indicated in Figures 
41.4 and 41.5. 


In both the mucosal and muscular layers, lymphatic anastomoses 
exist between the cervical and corpus systems, and on occasion 
cervical carcinomas may take advantage of this route to spread to 
the corpus. Whether the converse is true is unclear. Moreover, 
whether or not corpus carcinoma, once having invaded the cervix, 
then behaves like cervical carcinoma in terms of its lymphatic 
metastatic distribution is also unclear, even though this is a 
common clinical 
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assumption. Indeed, involvement of a€cecervical draining nodesda€e 
by endometrial carcinoma does not necessarily imply cervical 
involvement. For further detail, the reader is referred to specialty 
works and textbooks of gynecologic oncology (39 ,40 ,41 ). 
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Figure 41.4 Percentage of involvement of draining lymph nodes in 
untreated patients with cervical cancer. Reprinted with permission 
from: 

Henriksen E. The lymphatic spread of carcinoma of the cervix and of 
the body of the uterus: a study of 420 necropsies. Am J Obstet 
Gynecol 1949;58:924a€“942. 
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Figure 41.5 Paths of spread available to carcinoma of the 
endometrium. Not only may carcinoma cells metastasize to the 
pelvic and periaortic lymph nodes, but they also may spread 
through the fallopian tube to the peritoneum or they may invade 
through the myometrium into the broad ligament and ovary. 
Reprinted with permission from: 

DiSaia P, Creasman W, eds. Clinical Gynecologic Oncology . 3rd ed. 
St. Louis: CV Mosby; 1989:84a€“93. 


Tubal lymphatics accompany the ovarian vessels and drain into 
nodes near the right and left renal veins and the presacral and 
common iliac nodes. Lymphatic spread of tubal malignancy may 
reach extrapelvic sites early in its dissemination (42 ,43 ). 


Uterine Cervix 


The uterine cervix (or a€cenecka€* ) is the elongate fibromuscular 


portion of the uterus that measures 2.5 to 3.0 cm. A part of this 
structure protrudes into the upper part of the vagina (vaginal part, 
portio vaginalis), whereas the remainder lies above the vaginal vault 
(Supravaginal portion, portio supravaginalis). The outer surface of 
the vaginal portion of the cervix is known variously as the 

ectocervix or exocervix. It is covered, at least in part, by stratified 
Squamous epithelium that is continuous with, and histologically 
identical to, the mucosa of the vaginal fornices. That portion of the 
cervix, in relation to the endocervical canal, is known as the 
anatomic endocervix. The endocervical canal, lined for the most part 
by mucin-secreting epithelium that blends at one end with the 
Squamous epithelium of the exocervix and with the epithelium of the 
lower uterine segment at its other end, brings the vagina into 
communication with the endometrial cavity. The anatomic opening 
of the endocervical canal onto the exocervix is known as the 
external os. In parous women, this most often takes on a slitlike 
configuration that serves to divide the exocervix into anterior and 
posterior lips (18 ,44 ). This particular geometry is thought to be 
important in uterine function during gestation (45 ). The upper limit 
of the endocervical canal is known as the internal os. This is not a 
distinct orifice; rather, there is a gradual, funnel-shaped widening of 
the endocervical canal and a transition from endocervical epithelium 
into the endometrial epithelium of the lower uterine segment. The 
junction of the endocervical glandular mucosa with the squamous 
epithelium of the exocervix is known as the squamocolumnar 
junction. This junction does not always lie at the external os; in 
fact, the squamocolumnar junction typically is located on the 
exocervix, where it can easily be inspected with the culposcope. 
This is further discussed in the section devoted to the 

transformation zone. 


The uterine cervix obviously plays an important role in the anatomic 
support of the internal genitalia and plays an active role in labor 
and delivery, but arguably its primary role is the production of 
cervical mucous. Cervical mucous acts as a functional gate that 


prevents vaginal microorganisms from gaining access to the upper 
genital tract and (except for a small midcycle window before 
ovulation) denies sperm access to the uterus and fallopian tubes. At 
midcycle the chemical composition of the cervical mucous changes 
and its viscosity decreases. This has the effect of allowing the 
passage of sperm into the upper genital tract. These changes are 
the basis of the Spinnbarkeit and fern tests. In addition, the cervical 
mucous plays an important role in removing seminal plasma 
constituents (preventing sperm phagocytosis) and in providing a 
Suitable environment for sperm storage, capacitation, and migration 
(46 ,47 ). 


The following discussion first focuses on the epithelium of the 
exocervix, the endocervix, and the transformation zone and then 
turns to the stroma of the cervix and the changes that occur in the 
cervix during pregnancy. 


Epithelium of the Exocervix 


The squamous epithelium covering the exocervix is normally 
noncornified, and it grows, matures, and accumulates glycogen in 
its upper layers in response to circulating estrogens, most notably, 
estradiol (Figure 41.6 ). Because low blood levels of estrogen are 
the rule during childhood and the postmenopausal years, the 
Squamous cells of the cervix do not proliferate or mature, and 
glycogen is not stored in the upper layers of the epithelium during 
these 
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periods unless estrogen is made available as a result of therapy or 
functioning ovarian tumors (18 ). In the immediate postnatal period, 
the squamous epithelium of the newborn cervix is fully mature due 
to maternal estrogen, but the epithelium quickly becomes atrophic 
and glycogen disappears as estrogen levels decrease. 


Figure 41.6 Mature squamous epithelium of the exocervix 
demonstrating a normal maturation sequence from basal cells to 
Superficial cells. The cleared cytoplasm indicating glycogen storage 
should not be confused with koilocytosis. 


The estrogenically stimulated cervical squamous epithelium of the 
sexually mature woman can be divided into three layers: the 
basal/parabasal cell layer, the midzone layer (or stratum 
spongiosum), and the superficial layer (Figure 41.6 ). The basal cell 
layer is composed of cells with scant cytoplasm and oval to cuboidal 
nuclei with dense chromatin. These cells are usually mitotically 
inactive and do not mark immunohistochemically with proliferation 
markers; for example, Ki-67 and proliferating cell nuclear antigen 
(PCNA) (48 ). The cells immediately above the basal layer comprise 
the lower portion of the midzone layer and are known as _ parabasal 
cells, a term often used in cytologic circles. The parabasal cells are 
somewhat larger than the basal cells due to their increased 
cytoplasm, and the nuclei have slightly less dense chromatin. In 
contrast to the basal layer, mitotic figures are usually present but 
are not abnormal or particularly numerous in the normal epithelium. 
This layer also displays proliferation markers (48 ). The midzone 
layer is composed of cells with even more abundant cytoplasm and 
somewhat smaller vesicular nuclei. These are known as intermediate 


cells. Glycogen accumulates in most intermediate cells, and this 
imparts a finely granular or clear appearance to the cytoplasm. The 
superficial cells contain small, rounded, regular pyknotic nuclei, and 
their cytoplasm is abundant and clear as a result of even greater 
glycogen accumulation. Keratinization occurs in both the superficial 
and intermediate cells and renders them flat and platelike when 
they are spread on a slide. The cytoplasmic clearing characteristic 
of normal intermediate and superficial cells is often perinuclear. 
Because perinuclear clearing is also a feature of cells (koilocytes) 
infected by human papillomavirus (HPV), there is a potential for 
misinterpreting normal epithelial cells containing glycogen as 
abnormal. However, koilocytes not only feature perinuclear clearing 
of the cytoplasm, but their nuclei are larger, and these nuclei 
possess a more undulating nuclear membrane than do the nuclei 
found in intermediate and superficial cells (giving rise to the 
appearance of koilocytes sometimes described as da€ceraisinoida€e 
or a€oepruneoida€* ). Moreover, the nuclear chromatin of koilocytes 
has a ropy texture in contrast to the homogenous appearance of 
normal cells. The cervical squamous mucosa undergoes cyclic 
changes during the menstrual cycle similar to the 
estrogena€“progesterone-induced changes in the vaginal mucosa, 
although the cells composing the latter are a more liable index of 
hormonal status. During the luteal phase and pregnancy, when 
progesterone levels are high, there is a predominance of 
intermediate cells. 


The exocervical epithelium in postmenopausal women (not receiving 
a supplement of estrogen therapy) is composed mainly of basal and 
parabasal cells that feature scant cytoplasm and little or no 
cytoplasmic glycogen (Figure 41.7 ). The cells may have the same 
degree of nucleus-to-cytoplasm ratio shift toward the nucleus as do 
the cells composing cervical intraepithelial neoplasia (CIN). 
Consequently, atrophic epithelium is a part of the differential 
diagnosis of CIN, and care should be taken when a diagnosis of CIN 
is contemplated in a postmenopausal woman. However, the basal 


and parabasal cells in atrophic epithelia do not demonstrate the 
nuclear abnormalities and high mitotic index usually seen in the 
cells constituting the neoplastic epithelium in high grade CIN (high 
grade squamous intraepithelial lesiona€”SIL). 


Endocrine cells have been identified in the squamous epithelium of 
the exocervix by immunohistochemical techniques; their function is 
unknown, but they are thought to give rise to the rare cervical 
carcinoid tumors (49 ,50 ,51 ,52 ,53 ,54 ,55 ,56 ). Langerhans cells 
also are present in the ectocervical epithelium, as well as in the 
transformation zone (57 ,58 ,59 ). They 
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are involved in antigen presentation to T-lymphocytes. Melanin- 
containing cells have been reported in the cervical epithelium and 
provide a plausible cell of origin for the uncommon cervical 
melanoma and blue nevus (60). 


Figure 41.7 Postmenopausal atrophy of the cervical squamous 
epithelium. The immature cells can resemble the cells in high-grade 
squamous intraepithelial lesionâ€”SIL (cervical intraepithelial 
neoplasiaâ€”CIN). 


Epithelium of the Endocervix 


The anatomic endocervix extends from the external os to the 
internal os, but endocervical glandular epithelium is not exclusively 
limited to this anatomic area, particularly during the reproductive 
years. Rather, endocervical epithelium occupies significant regions 
of the anatomic exocervix during childhood and after the menarche. 
The shift of the endocervical epithelium out of the canal onto the 
exocervix is discussed in more detail below in the section devoted to 
the transformation zone. 


The endocervix is lined by a single layer of mucin-secreting 
epithelium composed of cells with small, often basilar, nuclei above 
which is mucin-filled cytoplasm that imparts a a€oepicket fenceâ€e 
appearance (Figure 41.8 ). Goblet cells are sometimes encountered 
(Figure 41.9 ). The nuclei are generally small, elongate, and have 
rather dense chromatin. They tend to overlap one another. When 
the endocervical epithelium has been damaged and is regenerating, 
the nuclei may become larger and more rounded, but mitotic figures 
are difficult to find in nonneoplastic endocervical cells (61 ). If one 
encounters endocervical epithelium containing easily found mitotic 
figures, consideration should be given to the possibility of a 
pathologic process such as well-differentiated carcinoma or 
carcinoma in situ, particularly if the nuclei are enlarged and nucleoli 
are prominent. Nucleoli are usually not prominent in resting 
endocervical cells, but they may become so during regeneration, 
pregnancy, and neoplastic transformation. Mitotic figures may be 
found in the constituent glandular cells of cervical endometriosis. 


Figure 41.8 Normal endocervical mucosa with most nuclei in the 
characteristic basilar location. Enlargement of these nuclei and loss 
of apical mucin are features that should cause a closer inspection of 
the endocervical glands to ensure that neoplastic transformation is 
not present. 
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Figure 41.9 Goblet cells in the endocervix. Not infrequently, the 
nuclei of mucin-containing cells are displaced to the base of the cell 
and compressed by cytoplasmic mucin to produce a goblet cell. The 
presence of goblet cells and neuroendocrine cells in the normal 
endocervical mucosa tends to destabilize the conventional 
distinction in ovarian pathology between mAYllerian (i.e., cervical) 
mucinous and intestinal mucinous differentiation. 


Other types of cells may be identified in the endocervical 

epithelium. Ciliated cells are almost always present and can be a 
useful marker of a benign process when the appearance of the 
endocervical glandular epithelium raises concerns about well- 
differentiated adenocarcinoma (62 ). When ciliated cells are 
numerous, the term a€ceciliary (or tubal) metaplasiad€* is often 
used (Figures 41.10A and 41.10B ) (63 ,64 ,65 ,66 ,67 ,68 ,69 ). 
Ciliated cells themselves can develop enlarged dense nuclei and 
thus come to resemble neoplastic cells (Figure 41.10C ). As a result, 
care should be taken to look for cilia before diagnosing in situ 
neoplastic transformation of the endocervix. Immunohistochemistry 
may be of aid in this distinction; Marques et al. found a combination 
of vimentin and carcinoembryonic antigen (CEA) helpful: 
adenocarcinoma in situ tended to be CEA positive and vimentin 
negative while the opposite was true for tubal metaplasia (70 ). 


Subcolumnar reserve cells that have the potential to differentiate 
into ciliated and mucous secretory cells have been reported to 
populate the endocervix, even though there is evidence that the 
differentiated mucous cells are capable of division without the 
intercession of reserve cells (61 ,62 ). It is easy to confuse the 
lymphocytes that have populated the glandular epithelium with 
epithelial reserve cells (71 ). 


Endocrine cells also are present within the endocervical epithelium. 
Their normal function is unclear, but it is generally held that they 
give rise to the endocrine neoplasms such as carcinoids and 
neuroendocrine carcinomas that occasionally are encountered in the 
cervix (49 ,54 ). 


The endocervical epithelium not only lines the surface of the 
endocervical canal, it also dips, to a variable degree, into the 
underlying stroma to form elongate clefts (Figure 41.11A ). 
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In histologic sections, these clefts typically are cut transversely, 


imparting the false impression that true endocervical glands are 
present within the stroma. However, true glands have different 
epithelia lining their ductal and secretory portions. In contrast, the 
endocervical mucosa has a more or less uniform appearance 
whether it lines the surface or the deep-lying a€ceglands.a€e 
Further evidence that these are not true glands was provided in an 
study conducted over 40 years ago by Fluhmann (72 ,73 ). He 
demonstrated, by means of serial sections and three-dimensional 
reconstructions, that what appeared to be endocervical glands 
within the stroma are actually complex protrusions of the 
endocervical lining that form clefts into the underlying stroma. 
When the endocervical epithelium lining the stromal clefts 
proliferates, side channels grow out from the clefts, giving rise to a 
histologic pattern that even more closely suggests acini of glands 
(Figure 41.11B ). Fluhmann labeled these side channels da€cetunnel 
clustersa€* ; we also refer to them by a more euphonious 
designation: a€ceFluhmann's lumens.a€* When secretion 
inspissates in tunnel clusters, either because of obstruction or 
because of the viscosity of the secretions, it appears as bright 
eosinophilic 
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material, an eye-catching pattern resembling the thyroid (see Figure 
41.16 ). Having now discharged our obligation to anatomic 
accuracy, we Shall continue to use the terms endocervical 
a€cegland(s)a€* and a€cecleft(s)a€* interchangeably. 


Figure 41.10 A . Ciliated cells in the endocervix. The normal 
cervical mucinous epithelium consists of an admixture of mucin- 
containing cells and a smaller population of ciliated cells. The 
population of ciliated cells undergoes cyclic variation with the 
menstrual cycle. B . Cervical tubal metaplasia. When ciliated cells 
are prominent they may simulate endocervical glandular dysplasia 
or carcinoma in situ. At low magnification the glands feature a 
prominence of nuclei, a feature shared with glandular dysplasia. C . 
Cervical tubal metaplasia. Higher magnification shows prominent 
cilia, the hallmark of ciliated cell metaplasia. 


Figure 41.11 A . Tangential section of the endocervix stained with 
PAS to show how the gland clefts extend into the stroma and branch 
to form channels. B . When the endocervical mucosa undergoes 
hyperplasia and increases its surface area, as in pregnancy, the 
branches of the clefts proliferate and form even more collaterals 
(a€cetunnel _— clustersda€e ). 


The depth to which benign endocervical glands can extend in the 
cervical stroma varies from cervix to cervix. They can be found as 
deep as 1 cm but usually are found at a depth of less than 5 mm 
(68,74,75 ). This anatomic variation becomes important when 
considering a diagnosis of a€ceminimal deviation 

adenocarcinomaa€« (76 ,77 ). In this form of adenocarcinoma, the 
cytologic features differ only minimally from normal endocervical 
epithelium and the diagnosis depends to a large extent on the 
identification of abnormally shaped glands at an inappropriate depth 
within the cervical stroma. The trick here is to compare the depth of 
the glands in question with noncontroversially benign glands in the 
immediate neighborhood. Additionally useful in establishing a 
diagnosis of malignancy is a search for glands around nerves or 
vessels, an irregular a€oelobster clawa€* glandular configuration, 
and a granulation tissue stromal host response. We have not 
personally encountered a clinically malignant endocervical glandular 
proliferation that featured ciliated cells and, in our opinion, this 
finding argues strongly against a diagnosis of adenocarcinoma. 


Endocervical cells show only minimal morphologic changes during 
the menstrual cycle, and even this amounts only to a shifting of the 
basally situated nuclei to a midcell position at the height of the 
proliferative phase. These minor cytologic changes are in contrast to 
the dramatic biochemical changes that occur within the endocervical 
cells during the menstrual cycle (46 ). Throughout the proliferative 
phase of the cycle, the endocervical cells secrete mucus of lower 
viscosity than at other times of the cycle. This is thought to aid 
penetration of the cervical canal by spermatozoa (46 ). When 
progesterone levels attain their zenith during the luteal phase, the 
endocervical glandular secretion becomes thick and scant. It is at 
this stage that the secretion may become inspissated and more 
visible in histologic sections. During pregnancy the number of tunnel 
clusters increases, and when this phenomena is extreme the term 
a€cecervical glandular hyperplasiaa€* is often used (78 ). 
Pregnancy also causes the secretions of the endocervical cells to 
thicken and form a mucous plug that blocks the endocervical canal 
(47 ,79 ). 


Epithelium of the Transformation Zone 


The endocervical mucosa shifts over the various divisions of the 
anatomic cervix throughout life (18 ,44 ,80 ). At birth, the 
endocervical mucosa resides on the exocervix in two thirds of 
infants but it quickly moves back into the anatomic endocervical 
canal where in most girls it remains until near the menarche. After 
the onset of puberty, the endocervical mucosa again moves out onto 
the exocervix, usually more prominently on the anterior portion 
than on the posterior part (Figure 41.12A ). The mechanism 
whereby endocervical mucosa changes location is apparently a 
mechanical one caused by swelling of the stroma of the cervical 
tissue in response to hormonal stimulation. As the lips of the cervix 
swell, they roll anteriorly and posteriorly, pulling the endocervical 
mucosa out of the canal onto the exocervix. The exposed 
endocervical tissue is often referred to as ectropion. Because the 


exposed endocervical mucosa appears red and ulcerated to the 
naked eye, it also has been interpreted as an erosion. There is, in 
fact, no erosion of the mucosa, rather the process is one of 
physiologic ectopy. After menarchial ectropion occurs, the 
endocervical tissue is gradually replaced by squamous epithelium 
throughout the reproductive years. The area where the glandular 
tissue is being replaced by squamous epithelium is known as the 
transformation zone. The junction between the two types of 
epithelium is labeled the squamocolumnar junction (44 ,81 ). 
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Two squamocolumnar junctions are usually recognized (Figure 
41.12B ). The original squamocolumnar junction is the point where 
the native (original) exocervical squamous epithelium joins the 
endocervical glandular epithelium and is out on the exocervix during 
the reproductive years (80 ). This junction is usually sharply defined 
and it is anatomically fixed. After squamous metaplasia has replaced 
endocervical tissue, the original squamocolumnar junction is the 
fusion point between the new squamous epithelium laid down in the 
transformation zone and the native squamous epithelium (Figure 
41.13 ). The functional squamocolumnar junction is the point of 
active replacement of columnar endocervical epithelium by 
squamous cells. This junction is often irregular and patchy, and it 
changes its contours and its locations during reproductive life. The 
functional squamocolumnar junction is usually implied when the 
term a€oesquamocolumnar junctiona€* is used without a modifier 
and the area between the two squamocolumnar junctions is the 
transformation zone. During pregnancy, particularly the first 
pregnancy, even more endocervical tissue moves out onto the 
exocervix, enlarging the area of ectopic endocervical epithelium. 
This phenomenon also can occur during progestogen therapy. 


METAPLASTIC 
EPITHELIUM 


Figure 41.12 A . Multiparous cervix during the reproductive years. 
Note the slitlike configuration of the external os and the 
erythematous endocervical tissue out on the anatomic exocervix. 
This endocervical tissue undergoes conversion to squamous 
epithelium throughout the reproductive years. The squamocolumnar 
junction is visible as a sharp line between the white squamous 
epithelium and the erythematous glandular tissue. B . Diagram of 
the cervix demonstrating the transformation zone. On the left is a 
typical transformation zone in which metaplastic squamous 
epithelium is replacing endocervical columnar epithelium. 
â€œSquamocolumnar junctiona€* refers to the original 
squamocolumnar junction. On the right is a nontypical 
transformation zone in which the metaplastic process is composed 
of dysplastic squamous cells and hence the process is cervical 
intraepithelial neoplasia. Reprinted with permission from: 

Fox H. Haines and Taylor Obstetrical and Gynaecological Pathology . 
3rd ed. Philadelphia: WB Saunders; 1987. 


Because endocervical glandular epithelium is present on the 
exocervix, the transformation zone can be visualized with the aid of 
a colposcope. This is fortunate because neoplastic change begins 
most commonly in the transformation zone, and neoplastic 
transformation is accompanied by structural alterations that can be 
recognized using the colposcope. The combination of papilloma virus 
detection, cytologic preparations, colposcopic examination, biopsy, 
and local destruction of intraepithelial abnormalities in the 


transformation zone under colposcopic visualization is a powerful 
tool for the early detection and successful treatment of in situ 
neoplastic processes involving the cervix. 


In the latter years of reproductive life the functional 
Ssquamocolumnar junction reaches the area near the anatomic 
external os and, reversing its menarchal journey, begins to move up 
the anatomic endocervical canal. By the perimenopausal years, the 
Ssquamocolumnar junction is usually concealed within the 
endocervical canal above the external os. 


Figure 41.13 Squamocolumnar junction with a distinct transition 
from mature squamous epithelium on the right to endocervical 
glandular tissue on the left. Such a sharp change can be seen at the 
original Ssquamocolumnar junction as well as the junction formed by 
Squamous epithelium with endocervical tissue in the transformation 
zone when squamous epithelium is mature. 
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Two mechanisms are thought to be operative in transforming 
endocervical mucinous epithelium to squamous epithelium: 
squamous epithelialization and squamous metaplasia (3 ). The first 
involves the direct ingrowth of mature native squamous epithelium 
from the exocervix. This process is usually labeled a€cesquamous 
epithelialization. a€« During squamous epithelialization, mature 


Squamous cells come to lie beneath the endocervical glandular cells. 
They push the endocervical cells off the basement membrane, and 
gradually the columnar cells degenerate and are sloughed. 
Squamous epithelialization initially spares the openings of the 
underlying endocervical glands, and at this stage the openings to 
the glands have the appearance of pores when examined with the 
colposcope. Eventually, the ingrowth of squamous epithelium 
involves the orifices of the glandular clefts and then it can extend 
for varying distances down into the cleft spaces (Figures 41.14 and 
41.15 ). When this process involves the orifice, it may plug the 
opening and if the mucinous epithelium below continues to secrete, 
a mucin-filled cyst (Nabothian cyst) or tunnel clusters filled with 
eosinophilic secretion result (Figure 41.16 ). If squamous 
epithelialization involves the cleft and its ramifying tunnels, 
Squamous epithelium will be surrounded by endocervical stroma. 
Consequently, histologic sections taken in an area of Squamous 
epithelialization may show Nabothian cysts, mucification of tunnel 
clusters, and/or islands of benign squamous epithelium in the 
stroma beneath the surface epithelium. 


When the endocervical clefts undergo squamous epithelialization, 
care must be taken not to confuse the deep-lying benign squamous 
cells with invasive carcinoma. Although the cells in squamous 
epithelialization may have enlarged nuclei and prominent nucleoli, 
they do not demonstrate the anaplasia, the pleomorphism, the 
chromatin abnormalities, or the abnormal mitotic figures 
characteristic of invasive carcinoma. Moreover, the benign cells 
conform to the rounded configuration of the preexisting cleft and do 
not infiltrate the stroma irregularly. Typically there is no granulation 
tissue host response to squamous epithelialization, although chronic 
inflammation may be present. If Squamous epithelialization involves 
tunnel clusters, small groups of squamous cells come to lie deep 
within the cervical stroma, imparting an architectural pattern that 
even more resembles infiltrating Squamous cell carcinoma. 
Squamous epithelialization seems to be stimulated by chronic 


inflammation and local trauma, including cauterization or laser 
surgery. 


Figure 41.14 Squamous epithelialization of the endocervix. Note 
the mature squamous epithelium extending into endocervical gland 
clefts (PAS positive glandular structures surrounded by stroma). 
This process can mimic invasive carcinoma. 
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Figure 41.15 Conversion to squamous epithelium in the cervix may 
occur more rapidly on the surface than in the clefts, causing 
squamous epithelium to overlie endocervical gland clefts. When the 
newly laid down squamous epithelium blocks the orifices of the 
clefts, nabothian cysts or mucification of tunnel clusters, as seen in 


Figure 41.16 , may result. 


Figure 41.16 When the newly formed squamous epithelium in the 
transformation zone covers the endocervical gland cleft orifices and 
secretion continues, the tunnel clusters fill up with secretion that 
may become inspissated (a€cemucificationa€e ). 


E 
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The second mechanism thought to contribute to the conversion of 
endocervical mucinous epithelium to squamous epithelium entails 
first the proliferation of endocervical â€œreserve cells,a€* and then 
the differentiation of these cells into squamous cells rather than 
mucin-producing cells (82 ). This process, known as squamous 
metaplasia or prosoplasia, can be distinguished from squamous 
epithelialization because, unlike the cells in squamous 
epithelialization, the reserve cells initially do not have squamous 
characteristics; rather, they appear as cuboidal cells with round 
nuclei growing beneath the mucinous epithelium (Figure 41.17 ). In 
fact, these cuboidal cells are identical in appearance to the basal or 
parabasal cells of the squamous epithelium. After the reserve cells 
proliferate and stratify, they differentiate into squamous cells that 
initially have only slightly increased amounts of cytoplasm 
(immature squamous metaplasia). Later the cells may fully mature 


to glycogen-containing squamous cells indistinguishable from the 
Superficial cells of the exocervix (see Figure 41.13 ). Confusingly, 
a€cesquamous metaplasiaa€* is commonly used as a generic term 
for both metaplasia and squamous epithelialization. 


Immature squamous metaplastic cells without fully developed 
Squamous characteristics or glycogen accumulation can come to 
occupy most or all of the thickness of an epithelium (83 ,84 ) 
(Figure 41.18 ). Because fully mature squamous cells are not 
present toward the surface and because the cytoplasm of the 
immature cells is relatively scant and its nuclei often are elongate, 
immature squamous metaplasia can bear a close resemblance to 
high grade intraepithelial neoplasia (dysplasiaa€“carcinoma in situ). 
However, the nuclei in immature squamous metaplasia are uniform, 
chromatin abnormalities are minimal at most, and nuclear contours 
are usually smooth. Although mitotic figures may be present, in 
immature squamous metaplasia abnormal forms are not found. The 
possibility of immature squamous metaplasia should be considered 
in each case where a diagnosis of intraepithelial neoplasia is 
contemplated. 


Figure 41.17 Functional squamocolumnar junction with metaplastic 
epithelium on the right. Note that in this example maturation has 
proceeded to the parabasal cell stage with abrupt keratinization 
rather than the normal maturation sequence to superficial cells as 


seen on the left. 


Figure 41.18 Immature squamous metaplasia on the right. The 
constituent cells do not demonstrate evidence of maturation and are 
similar to cells normally present in the basal layer of squamous 
epithelium. This type of metaplasia can be confused with high-grade 
Squamous intraepithelial neoplasia. 
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Squamous metaplasia is usually patchy, giving rise to the 
characteristic irregularity of the functional squamocolumnar junction 
(Figures 41.19A, B ). As squamous metaplasia proceeds, the islands 
of squamous cells form bridges to other centers of metaplasia, 
ultimately producing a solid area of squamous epithelium. 


Whatever the mechanisma€”either squamous epithelialization or 
squamous metaplasiaâ€”squamous replacement of mucinous 
epithelium on the exocervix is a normal process that must be 
distinguished from in situ and invasive neoplasms. Features that are 
often found in neoplasia but not in metaplasia or epithelialization 
are moderate to marked pleomorphism, lack of maturation sequence 
(this may be present in immature squamous metaplasia), irregular 
nuclear outlines, and abnormal mitotic figures. Nucleoli are usually 
inconspicuous in cervical intraepithelial neoplasia but are often 
prominent in metaplasia, and epithelialization (a notable exception 


is immature squamous metaplasia), and reactive changes in 
response to _ cervicitis. 


Cervical Stroma 


In contrast to the wall of the uterine corpus, which is predominately 
muscular, the stroma of the exocervix is mainly fibrous tissue 
admixed with elastin through which run infrequent strands of 
smooth muscle (85 ,86 ,87 ,88 ). A large number of vessels course 
through the stroma. A rich capillary network interfaces with the 
epithelium at the stromala€“epithelial junction. This interface is 
irregular and features 
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fingers of connective tissue containing vessels overlain by a 
Squamous cell mucosa of variable thickness. Much of the 
endocervical stroma is also fibroelastic tissue, but at the upper end 
of the endocervix the superficial fibrous stroma blends imperceptibly 
into the endometrial stroma of the lower uterine segment. 
Consequently, the superficial stroma of the upper endocervix and 
the stroma of the lower uterine segment has a hybrid 
endometriala€“cervical appearance. This can cause localization 
problems when it is important to determine whether a neoplastic 
process in a curettage specimen involves the endometrium or the 
endocervix, or both. We think the presence of unequivocal 
endometrial stroma, as determined by high cellularity (closely 
packed nuclei), should be present before interpreting tissue as 
Originating from the endometrium on the basis of the stroma alone. 
Of course, if one type of normal glands is present, whether 
endocervical or endometrial, these glands can suggest the origin of 
the tissue, but both types of glands or even hybrid glands may be 
present in the transition area between the endocervix and the lower 
uterine segment. The endocervix contains a greater number of 
smooth muscle fibers in its deeper stroma than does the exocervix, 
and in the lower uterine segment these blend into the myometrium. 


Figure 41.19 A . Islands of metaplastic squamous epithelium in the 
transformation zone at the functional squamocolumnar junction. 
These islands will eventually coalesce. B . Higher power 
photomicrograph of the area of squamous metaplasia demonstrated 
in A. 


The cervix bridges the sterile environment of the uterine cavity and 
the microbiological jungle of the lower genital tract. It is not 
Surprising that this important immunologic role (both humoral and 
cellular) would be marked by a conspicuous lymphoid presence (44 
). Thus, large numbers of T-lymphocytes normally populate the 
endocervical stroma (89 ). B-lineage lymphoid cells, manifest as 
either plasma cells or germinal centers, are also commonly 
encountered. 


In addition, dendritic cells are numerous in the cervix; a subset of 
these are Langerhans cells (immature dendritic cells that express 
MHC class Il antigens and the CD4 receptor on their surface) that 
are involved in internalizing antigen and presenting it to T- 
lymphocytes in the regional lymph nodes (58 ,90 ,91 ,92 ). 


The relevance of these observations to the surgical pathologist is 
chiefly to discourage the overuse of a€oechronic cervicitisa€* ; the 
presence of lymphoid tissue in the cervix is as normal as its 
presence in the small intestine. 


In our opinion, a diagnosis of chronic cervicitis should be withheld 
unless the lymphoid infiltrate is very heavy and/or lymphoid nodules 


are numerous. Particularly important for the diagnosis of chronic 
cervicitis are large numbers of plasma cells. Scattered plasma cells 
are normal in the cervix. Acute cervicitis is not uncommon, but true 
inflammatory erosion or microabscesses are rare in the cervix. 


Lymphocytes also may migrate into the endocervical epithelium, and 
in this location they may assume the appearance of â€œcleared 
cells.a€* Such cells have been misconstrued as a€cereservea€s 
cells in the past (71 ). 


Remnants of the wolffian ducta€”commonly known as mesonephric 
restsa€”can be found in the endocervical stroma of the lateral 
portions of the cervix in about a third of women (93 ) (Figure 
41.20A, B ). Usually these are deep in the stroma, but occasionally 
they are found near the surface and they can even blend with the 
endocervical gland clefts. Mesonephric rests are tubular structures 
lined by a single row of cuboidal cells with a central, round, 
cytologically bland nucleus. Typically the tubules form lumens that 
contain hyalin-like, eosinophilic secretions. Architecturally, there is 
usually a central elongate duct surrounded by smaller tubules. The 
combination of deep stromal location, the hyalin-like secretions, and 
the cuboidal cells usually serves to make identification of 
mesonephric rests straightforward. Even though tunnel clusters may 
ramify from a central cleft and contain eosinophilic secretion, they 
are lined by endocervical mucin-producing cells. The importance of 
this vestigial structure lies in its mimicry of 
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well-differentiated adenocarcinoma. Mitotic figures are usually 
absent in mesonephric rests and the chromatin of the cells is bland. 
Moreover, mesonephric rests do not exhibit the raggedly infiltrative 
growth of carcinoma even though they are located deep in the 
stroma. Rarely, atypical hyperplastic and neoplastic processes may 
involve mesonephric remnants (78 ,93 ,94 ). Mesonephric 
proliferations, benign and malignant, often express CD10 (95 ,96 ). 
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Figure 41.20 A . Mesonephric remnants in the cervix. A long 
cleftlike space deep in the stroma surrounded by tubules is the 
characteristic architectural finding. B . Ducts lined by bland cuboidal 
cells containing lumenal PAS-positive eosinophilic secretion are key 
features of mesonephric remnants. The blandness of the constituent 
cells and the organization around a central cleft are the most helpful 
features in distinguishing this from well-differentiated 
adenocarcinoma. 
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Multinucleated giant cells rarely are found in the normal superficial 
endocervical stroma. These cells have enlarged and sometimes 
bizarre-shaped nuclei with smudged chromatin similar to those seen 
in fibroepithelial stromal polyps (97 ). They should not be mistaken 
for a neoplasm (98 ,99 ,100 ). 


Cervix During Pregnancy 


During pregnancy the endocervical epithelium proliferates so that its 
mucus-secreting surface increases. This proliferation leads to both 
the formation of polypoid protrusions of endocervical epithelium into 
the endocervical canal and an increased number of tunnel clusters 
budding off preexisting clefts within the cervical stroma. The overall 
impression is one of an increase in the amount of endocervical 
tissue and, consequently, this normal process is often termed 
a€ceendocervical glandular hyperplasia,a€* or when numerous 
small glands are packed together, a€cemicroglandular 


hyperplasia.a€* Identical changes can be produced by artificial 
progestogens. The endocervical mucus during pregnancy is thick 
and functions as a plug to seal off the endometrial cavity from the 
vagina (22 ,101 ). Arias-Stella reaction may be seen in the 
endocervical glandular cells (102 ). As in the endometrium, the 
large cells with prominent nucleoli characteristic of the Arias-Stella 
reaction can raise concern about clear cell carcinoma, but the 
absence of mitotic figures and the gestational setting should quickly 
eliminate this possibility. 


The stroma of the cervix undergoes a complex series of biochemical 
and biomechanical changes during pregnancy and parturition that 
taken together are known as cervical a€ceripeninga€* (103 ). The 
initial change seems to be extensive destruction of collagen fibers 
by various collagenases accompanied by the accumulation of gel-like 
acid mucopolysaccharides. This process causes the cervix to soften, 
a process that reaches its zenith immediately before parturition. As 
a result, the cervix is easily effaced by the presenting part of the 
emerging infant. Thus, the usually cylindrical cervix is transformed 
into a thin saccular structure. The increased fluid in the cervical 
stroma during pregnancy causes the cervical lips to roll further out 
into the vagina, everting more of the endocervical mucosa beyond 
the external os. Squamous epithelialization and metaplasia rapidly 
ensue, and at the time of delivery there is often considerable 
immature squamous epithelium in the transformation zone. As noted 
previously, the cells in immature squamous metaplasia can closely 
resemble those found in intraepithelial neoplasia, so caution should 
be exercised when examining cervical specimens taken from 
pregnant women. 


The cervical stromal cells, particularly those near the surface of the 
endocervical canal, may undergo decidual change during pregnancy 
(Figure 41.21A, B ). Cervical decidual reaction is typically patchy, 
and at low power this focal replacement of the cervical stroma by 
aggregates of epithelioid cells can resemble invasive large cell 
nonkeratinizing carcinoma. Awareness of this physiologic process 


during pregnancy and close attention to the cytologic features of the 
suspect cells should avoid misdiagnosis (104 ). 


Normal findings in the cervix that have relevance to histopathologic 
differential diagnosis are presented inTable 41.1. 


Figure 41.21 A. andB . Decidual reaction in the cervix. The 
Sheetlike arrangement of the cells can mimic squamous cell 
carcinoma, but the nuclei are bland (see Figure 41.18 ). 
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Endometrium 


Tissue Sampling and Associated 
Problems 


A variety of endometrial tissue sampling techniques are available to 
the clinician. These techniques differ with respect to their 
indications, their limitations, and their associated complications 
(105 ,106 ,107 ,108 ,109 ,110 ,111 ,112 ,113 ). Endometrial 
curettage (cervical dilation and endometrial curettagea€”D and C) 
entails the removal of most of the uterine mucosa by scraping with 
a sharp curette. Under ideal circumstances, the excision is complete 
or nearly complete. Endometrial biopsy (EMB) involves the removal 
of a more limited sample of tissue than does the complete curettage 


and is performed with a smaller curette. Single strips of 
endometrium are usually taken from both the anterior and the 
posterior fundal surfaces. Even though the sample is limited, the 
accuracy of diagnosis approximates that of the D and C. The chief 
advantage of this technique is that it does not require cervical 
dilation (and hence does not require anesthesia). EMB thus 
combines convenience and low cost, with little sacrifice in diagnostic 
accuracy. The major limitation of EMB lies in its inherent potential 
to miss focal lesions, such as polyps and localized carcinomas. 
Accordingly, when carcinoma is suspected clinically, a negative 
biopsy must be followed by a complete D and C, because only this 
technique ensures the absence of carcinoma. Hysteroscopy in 
combination with endometrial sampling is thought by some to 
increase the detection rate of uterine abnormalities (114 ); others 
disagree (115 ). If EMB is performed as part of an infertility workup 
(but see below), tissue should be obtained well into the presumed 
secretory phase; that is, 2 to 3 days before the time of the next 
menstrual period as estimated by clinical and laboratory findings. 
Although principle biopsy in the late luteal phase might destroy an 
early gestation, in practice this seems not to be the case (116 ). 


Three artifacts of sectioning and tissue preparation should be 
mentioned at this point. A frequent finding in endometrial curettings 
is the a€cetelescopeda€* gland, which is characterized by an 
a€ceinside-outa€* gland within the lumen of a gland with a normal 
configuration. This artifact is seen when an _ intussuscepted or 
telescoped gland (produced by the traumatic removal of the tissue) 
is cross-sectioned, and it occurs most frequently in straight glands. 
Another artifact is the result of sectioning and involves the 
tangential cutting of a gland to produce a a€cepseudo-gland-within- 
glanda€* pattern. Confusion with adenocarcinoma can be avoided 
by attention to cytologic detail, comparison with surrounding glands, 
knowledge that the gland-within-gland pattern in carcinoma is 
usually extensive, and awareness of this topologic problem. A third 
artifact involves tangential sectioning of the endometrial surface to 


produce pseudocystic and pseudobudded glands. Poor fixation can 
sometimes result in the retraction of endometrial glands from their 
Surrounding stromal envelope. Moreover, cytoplasmic  vacuolization 
may be a result of autolysis and can simulate early secretory 
vacuolated epithelium. 


Histology of the Normal Endometrium 


The normal endometrium has a multiplicity of constantly changing 
normal patterns that depend on the nature and intensity of ovarian 
hormonal stimulation. The purpose of this section is to analyze the 
morphology of the normal nongravid endometrium in some detail 
from three points of view. First, we discuss regional variations, then 
the individual components of the endometrium; finally, using this 
background, we describe the temporal variations in the histology of 
the endometrium that occur throughout life. 
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Deeply situated normal endocervical gland clefts or Nabothian cysts 
Minimal deviation adenocarcinoma (MDC) 

Lobster claw configuration in MDC 

Ciliated cells in benign proliferations and almost always absent in 
malignant cervical glandular proliferations 

68 ,74 ,75 5262 

Easily found mitotic figures in endocervical epithelium 
Adenocarcinoma: invasive or in situ 

Cytologic atypia in carcinoma 

Compare problematic epithelium with normal epithelium elsewhere 


In normal endocervical epithelium mitotic figures are rare. In 
squamous metaplasia and regenerating cervical epithelium mitotic 
figures may be numerous but abnormal forms are not present. 


Mesonephric remnants: mesonephric remnants, especially when 
florid, must be distinguished from invasive adenocarcinoma, 
especially minimal deviation adenocarcinoma. 

Minimal deviation adenocarcinoma (MDC): mesonephric carcinoma 
MDC often has an associated superficial component of ACIS 

The glands of mesonephric remnants are rounded and smooth 
contoured; those of carcinoma are usually jagged and infiltrative; 
the glands of Mesonephric remnants branch of a central, elongate, 
ductal structure, those of invasive adenocarcinoma are haphazard 
and lack a central originating duct. 
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Decidual reaction 

Large cell nonkeratinizing squamous cell carcinoma 

Mitotic figures, cytologic atypia in carcinoma 


Arias-Stella reaction 

Clear cell carcinoma of the cervix/vagina 

Arias-Stella reaction usually does not feature mitotic figures that 
are easily found in clear cell carcinoma. 

Maternal DES therapy was discontinued in the 1960s 

102 ,223 

Lower uterine segment vs. endocervical fragments: can make a 
difference when carcinoma (endocervical vs. endometrial) is found 
in curettings. 


Differential curettage; imaging studies. 

Immunohistochemistry (stains for CEA and p16 often positive in 
endocervical carcinoma and negative in endometrial). Are not 
entirely reliable in the individual case but may be helpful. 


Squamous metaplasia and epithelialization involving cervical gland 
clefts 

Invasive carcinoma 

Assess nuclear features and evaluation for the presence or absence 


of infiltration 


Endometriosis: benign endometrial glands and stroma 
Adenocarcinoma: when stroma is inconspicuous 

Adenosarcoma: look for stromal mitotic figures 

Think of the possibility of endometriosis 

Look for the missing component in additional levels 

Cytologic atypia is usually minimal in endometriosis but mitotic 
figures may be present 

263 ,264 ,265 

Microglandular adenosis and endocervical glandular hyperplasia 
Adenocarcinoma 

Prominent nucleoli and abnormal division figures are features of 
carcinoma. Easily found mitotic figures almost always are a 
carcinoma feature. 

266 ,267 

Immature squamous metaplasia 

High-grade SIL: may mimic because nuclei of the cells are large and 
cytoplasm is relatively scant. 

Look for nucleolia€”often present in metaplasia, but often 
inconspicuous in CINa€”and abnormal mitotic figures and abnormal 
chromatin patterns. Nucleoli may not be prominent immature 
squamous metaplasia 

84 

Glycogen storage in superficial squamous cells 

Koilocytosis (HPV infection). 

Koilocytic nuclei: (1) enlarged, (2) irregular nuclear membranes, (3) 
dense ropy chromatin. 


Tubal metaplasia: endocervical pithelium lined by prominent and 
numerous ciliated cells may suggest adenocarcinoma in situ or 
endometrioid carcinoma 

Cervical adenocarcinoma in situ 

Numerous mitoticfigures and abnormal mitotic figures are features 


for adeno CIS not tubal metaplasia. Look for ciliated cells; if 
numerous, the process is almost surely benign. 

63 ,64 ,65 ,66 ,67 ,69 

Multinucleated stromal giant cells: these may be a normal finding; 
probably myofibroblastic cells 

Neoplasm, particularly sarcoma. 

Granulomatous inflammation 

Look for abnormal mitotic figures, high cellularity, and granulomas. 


Reprinted with permission from: Young RH, Clement PB. 
Pseudoneoplastic glandular lesions of the uterine cervix. Semin 
Diagn Pathol 1991;8:234a€“249. 


Diagnostic Suggestions for 
Finding Confusion Resolution References 


Table 41.1 Normal Findings in the Cervix that have 
Relevance to Histopathologic Differential Diagnosis (see 
text for Additional Differential Diagnostic Clues) 
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Regional Variations 


The uterine lining can be divided into two regions on the basis of its 
morphology: the mucosa of the lower uterine segment and the 
mucosa of the corpus proper. The mucosa of the lower uterine 
segment (isthmus) is in general thinner than the fundal mucosa. The 
glands and stroma tend to be only sluggishly responsive to 
hormonal stimulation, and in consequence this portion of the 
endometrium most often lags behind the rest of the endometrium in 
its development. The morphologic transition from endocervical 
mucosa to lower uterine segment mucosa is gradual, and in fact the 
hybrid endocervicalâ€“endometrial appearance of both the glands 
and the stroma of the lower uterine segment serves to identify this 


zone in endometrial curettings (Figures 41.22 ). 


The major portion of the uterine lining, the corpus mucosa proper, 
is normally fully responsive to hormonal stimulation. Two layers can 
be readily identified within the endometrium throughout this region: 
the lowermost is labeled the basalis and the overlying one the 
functionalis. The basalis is that zone of weakly proliferative glands 
and associated dense-spindled stroma immediately adjacent to the 
myometrium (Figure 41.23A, B ). Characteristically, the junction of 
the basalis and myometrium is irregular, and smooth muscle and 
endometrial stroma interdigitate and blend together at this point 
(Figure 41.24 ). When florid, this irregularity may give the false 
impression that endometrial tissue is pathologically isolated within 
the myometrium. This deception is particularly important when 
evaluating the presence or absence of superficial myometrial 
invasion 
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in patients with endometrial adenocarcinoma. Of less importance is 
the confusion it creates in the diagnosis of adenomyosis. The 
basalis, despite its unimpressive, inactive, and undifferentiated 
appearance, plays a crucial role in the endometrial economy 
because it constitutes the a€cereserve cell layera€* of the 
endometrium. After the bulk of the overlying functionalis is shed 
during menstruation, or after the functionalis is removed by 
curettage, the basalis and the residual deep functionalis are 
responsible for regenerating the endometrium. The remaining 
surface epithelium of the lower uterine segment also participates in 
this regeneration (117 ). 


Figure 41.22 The lower uterine segment contains stroma and 
glands that are either hybrid between those seen in the endocervix 
and those in the fundus or a mixture of endometrial and 
endocervical glands and stroma. A . The stroma appears fibrous but 
more cellular than that typically found in the endocervix. B . An 
endometrial gland and an endocervical gland are found next to each 
other in this area of the lower uterine cervix. 


The appearance of the basalis is relatively constant throughout the 
menstrual cycle. Specifically, the glands usually appear weakly 
proliferative; that is, they possess pseudostratified elongate nuclei, 
rare mitotic figures, and dense, intensely basophilic chromatin. Most 
importantly, they lack secretory change (see Figure 41.23 ), and the 
stroma is spindled and nondecidualized. A notable exception to this 
generalization is the basalis during the latter half of pregnancy, 
which usually exhibits secretory glandular changes and stromal 
decidualization. The importance of recognizing the basalis of the 
endometrium lies in not mistaking it for the functionalis in a 
curettage specimen. This confusion would result in an erroneous 
impression that this weakly proliferative appearance represented 
the fully developed state of the functionalis. 


Figure 41.23 A . andB . The basalis of the endometrium is 
demonstrated. Throughout the menstrual cycle the basalis maintains 
a weakly proliferative appearance. As a result, dating of 
endometrium should be performed on fragments containing surface 
epithelium. 


m 


It is the functionalis that exhibits the protean changes so 
characteristic of the normal endometrium. This layer has been 
traditionally divided into two strataâ€”the compactum and the 
spongiosumâ€”based on the morphologic 
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appearances of each during the late secretory phase of the 
menstrual cycle and during pregnancy. Unless otherwise specified, 
the term a€ceendometriuma€* refers to the functionalis in the 
Subsequent discussion. 


Figure 41.24 This is an example of an irregular 
endometriala€“myometrial junction. This phenomenon is important 
to think about when determining whether or not adenocarcinoma is 
superficially invading the myometrium. 


m 


Individual Components of the Endometrium 


The normal endometrium consists of both epithelial (surface and 
glandular) and mesenchymal (stromal and vascular) elements, which 
during reproductive years first synchronously proliferate, then 
differentiate, and finally disintegrate at roughly monthly intervals. 


Epithelial Elements 


The endometrial glandular and surface epithelia are both composed 
of four morphologically distinct cells, two of which are functional 


variants of the same cell. 


Proliferative and Basalis-Type Cells. 


The proliferative cells of the functionalis and the basalis-type cells 
are morphologically similar. These cells both have high nucleus-to- 
cytoplasm ratios and elongate sausage-shaped nuclei with dense 
chromatin and inconspicuous nucleoli. The cytoplasm is scant and 
generally basophilic to amphophilic (see Figure 41.33 ). Mitotic 
figures are common in the cells that compose the glands of the 
functionalis during the proliferative phase. When proliferative cells 
are the predominant cell type composing the epithelium (as in the 
proliferative endometrium), the nuclei appear pseudostratified. 


Secretory Cells. 


The characteristic cytoplasmic differentiation of the endometrial 
epithelial cell is monmucinous secretion. Shortly after ovulation, 
secretory products accumulate in a subnuclear location in the 
proliferative cells; these products gradually shift to a supranuclear 
position and are ultimately discharged into the glandular lumens. 
This sequence of changes results in two easily recognizable 
secretory cell types: vacuolated and nonvacuolated secretory cells 
(see Figures 41.35B and 41.36C ). Although vacuolated cells may 
have a nucleus similar to those seen in proliferative phase cells, the 
nonvacuolated secretory cells possess nuclei that are distinct from 
those seen in the undifferentiated proliferative phase cells. In 
contrast to the dense, intensely basophilic elongate nuclei of the 
proliferative cells, the nuclei of the nonvacuolated secretory cells 
are rounded and vesicular, they have uniformly dispersed 
chromatin, and occasionally nucleoli become prominent. The 
nonvacuolated secretory cells have uniform, moderately dense 
eosinophilic cytoplasm and often a frayed luminal border (see Figure 
41.36C ). 


Another type of secretory cell is encountered, one that closely 


resembles the secretory cell of the uterine (fallopian) tube. This cell 
has an elongate nucleus with coarse chromatin, a moderate amount 
of densely eosinophilic cytoplasm, and a rounded luminal bleb 
similar to those found in apocrine glands. These cells are common in 
the surface epithelium and occasionally may line an entire 
endometrial gland. Some of these cells may in fact represent 
a€ceexhausteda€* ciliated cells. 


Ciliated Cells. 


The ciliated cells of the endometrium have received little emphasis 
in the past. However, they are consistently present in endometrial 
specimens and presumably represent one line of differentiation open 
to the basalis-type cell. These cells are more prominent near the 
uterine isthmus and during the proliferative phase (118 ,119 ). 


Ciliated cells have distinctive round, smoothly contoured vesicular 
nuclei containing finely stippled chromatin (Figure 41.25 ). Although 
the nuclear features remain relatively unchanged throughout cell 
development, the configuration and location of ciliated cells vary as 
a function of the stage of ciliogenesis. The earliest identifiable 
ciliated cells are situated adjacent to the basal lamina of the gland 
and are roughly pyramidal in shape. They possess distinctively clear 
cytoplasm with central round nuclei. A rounded cytoplasmic zone 
containing eosinophilic fibrillary material can be identified with 
routine stains. This zone corresponds to the intracytoplasmic cilia 
seen with the electron microscope. When the growing ciliated cells 
reach the luminal surface, the cilia are exposed to the glandular 
lumen. Initially the 
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luminal surface of the ciliated cell is concave, but as the cell 
continues its development, this surface becomes convex, and 
ultimately the cilia may pinch off as a merocrine secretion. During 
this stage the cell has a characteristic fusiform-to-pear shape. 
Ciliated cells can come to predominate the cellular population of 


glands, and when they do the term da€ceciliary metaplasiaa€* has 
been used. 


Figure 41.25 Proliferative phase glands with ciliated cells in the 
gland on the right. The round cell with clear cytoplasm at the 3- 
o'clock position has the characteristic appearance of ciliated cells 
before they have extruded their cilia into the glandular lumen. The 
other ciliated cells have a pyramidal shape. 


The Gland as a Whole. 


The normal endometrial gland is lined by the aforementioned cells 
arranged in a _nonstratified cuboidal-to-columnar epithelium, which 
during the proliferative phase deceptively appears to be stratified 
(i.e., it is pseudostratified). During the early proliferative phase, the 
glands are straight and have narrow lumens (Figure 41.26 ). 
Beginning in the midproliferative period and lasting throughout the 
rest of the cycle, the glands exhibit increasing degrees of coiling, 
but not branching. This culminates in the serrated saw-toothed 
appearance of the glands in the late secretory and menstrual 
endometrium. The surface epithelium is composed predominantly of 
apocrine-like secretory cells and ciliated cells, and has a relatively 
constant appearance throughout the cycle. 


Figure 41.26 Proliferative phase glands and stroma. Note the 
elongate rather than rounded shape of the stromal cell nuclei. 
However, it is not uncommon for stromal cell nuclei to be elongate. 


Mesenchymal Elements 


Cellular Elements 


Endometrial Stroma 


The endometrial stromal cell is the predominant cellular component 
of the stroma, and its appearance varies greatly with the stage of 
the menstrual cycle. During the early proliferative phase these cells 
have scant indistinct cytoplasm and dense oval-to-fusiform nuclei 
(Figure 41.27 ). As the menstrual cycle proceeds, the stromal cells 
become more elongate and acquire more cytoplasm. During the late 
proliferative phase and well into the secretory phase, electron 
microscopy shows increasing amounts of rough endoplasmic 
reticulum and both intra- and extracytoplasmic collagen. Toward the 
end of the secretory phase, the perivascular stromal cells become 
rounded, acquire more cytoplasm, and develop vesicular nuclei with 
occasionally prominent nucleoli. Cytoplasmic borders become more 


fully developed and gradually the entire endometrial stroma is 
transformed into sheets of cells, polygonal cells with sharp and 
distinct cytoplasmic borders, abundant cytoplasm, and centrally 
placed vesicular nuclei (Figure 41.28A, B). 


This unique mAYallerian stromal transformation is called 
decidualization when fully developed (e.g., during pregnancy) and 
predecidualization when partially developed (e.g., during the late 
secretory phase of the menstrual cycle) (120 ). Ultrastructurally, 
the abundant cytoplasm of the decidual cell is populated by dilated 
rough endoplasmic 
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reticulum, Golgi apparatus, and distinctly small mitochondria. 
Decidual cells form basal lamina and have complex intercellular 
interdigitations and tight junctions. The prominent intercellular 
borders are due to the accumulation of pericellular matrix (121 ). 


Figure 41.27 The proliferative phase endometrial stromal cells 
have scant, hard-to-discern cytoplasm and usually round nuclei (see 
Figure 41.26 ). Thin walled tubular blood vessels populate the 
endometrial stroma. 


Figure 41.28 A . andB . These photomicrographs demonstrate 
decidual reaction during pregnancy. The cells have abundant 
cytoplasm and sharp cell margins. 


Thus, the decidua is the specialized endometrium of pregnancy and 
plays an active role in implantation and in mediating the 
relationship between the fetoplacental unit and the mother. The 
decidua secretes a host of products (prolactin, relaxin, renin, 
insulin-like growth factors (IGFs) and insulin-like growth factor 
binding proteins (IGFBPs) involved in the paracrine and autocrine 
regulation of the feto-maternal interface (13 ,122 ). In short, the 
endometrium of pregnancy functions as an endocrine organ. In 
addition, decidual cells appear to be capable of phagocytosis and 
are thought to play a role dismantling the collagen scaffolding at the 
implantation site (106 ). 


Hematolymphoid Cells 


A second prominent cellular constituent, particularly in the late 
secretory phase and during pregnancy, is what historically has been 
referred to as the da€cestromal granulocytea€* but is now known to 
be a uterine natural killer (UNK) cell (123 ). These are rounded cells 
with bilobed nuclei, and have pale cytoplasm that contains 
eosinophilic granules. Their immunoprofile differs from that of blood 
natural killer (NK) cells. Their number appears to be positively 
correlated with the degree of predicidualization or decidualization in 
the surrounding endometrium; indeed, the number of such cells was 


used by Noyes as a dating criterion. This close association has 
Suggested to some workers that uNKs play a role in the control of 
trophoblast invasion and spiral artery remodelling in human 
pregnancy and suggest that uNK cells in the late secretory phase 
and in early decidua may be important in initiating and maintaining 
decidualization. Alternatively, the death of uNK cells might be an 
early event in the onset of endometrial breakdown at menstruation 
(124 ,125 ,126 ). 


In addition to this unique uNK cell, the endometrium contains other 
leukocyte subsets whose precise composition is menstrual cycle- 
dependent. These subsets include neutrophils and eosinophils (both 
rare until the premenstrual phase); macrophages; mast cells, and T- 
lymphocyte populations (present throughout the cycle but increasing 
perimenstrually) (13 ,127 ,128 ). Lymphoid follicles are commonly 
seen in the basalis of normal endometria (Figure 41.29 ). 


Plasma cells are routinely seen in postpartum endometrial samplings 
and as an associated feature in a variety of pathological settings 
(endometrial polyps, endometrial carcinoma, etc.) It has 
traditionally been held that, outside these settings, plasma cells are 
normally not present in the endometrium and when identified, 
Suggest (usually subclinical) endometritis. Certainly this is plausible 
when large numbers are present, although recent studies have 
raised questions about the clinical relevance of scattered plasma 
cells (129 ,130 ). In fact, small numbers of 
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B-lymphocytes and plasma cells can be detected in endometrial 
samples using flow cytometry (127 ). 


Figure 41.29 Lymphoid follicle. Scattered lymphoid follicles may be 
encountered in clinically normal women with otherwise 
unremarkable endometria. When present in large numbers and when 
associated with plasma cells, this finding is pathological. 


m 


Occasionally, cells with bean-shaped nuclei and abundant vacuolated 
lipid-containing cytoplasm are present in the stroma of endometria 
stimulated by estrogen. These are termed stromal foam cells and 
probably represent modifications of endometrial stromal cells 
(Figure 41.30 ). Similar appearing foam cells are seen as a 
component of an inflammatory infiltrate, particularly one produced 
by foreign material (e.g., keratin). 


Reticulin Framework 


The endometrial stromal cells elaborate a reticulin framework that 
becomes progressively denser as the endometrium develops during 
the menstrual cycle, so that by the late secretory phase each 
stromal cell is enmeshed in reticulin. This framework undergoes 
dissolution during menstruation. The stromal intercellular space is 
also rich in high-molecular-weight mucopolysaccharides during the 
midproliferative and late secretory phase. 


Vascular Elements 


The radial arteries of the endometrium derive from the myometrial 
arcuate system. As the radial arteries course toward the uterine 
cavity they give off basal branches and then continue as 
endometrial spiral arteries. The basal arteries are unresponsive to 
steroid hormones, whereas the spiral arteries respond to varying 
hormone levels both by proliferation and, during the luteal phase of 
the menstrual cycle, by intermittent contraction (131 ,132 ). 


Angiogenesis, the formation of new vessels, is central to the 
menstrual cycle and to implantation and subsequent gestation. As 
concerns the menstrual cycle: there must be repair of the vessels 
ruptured during the menstrual phase, then rapid growth of vessels 
during the proliferative phase, further development of spiral arteries 
during the secretory phase and, to come full circle, the dismantling 
of the vasculature that leads into the menstrual phase (13 ). All 
these stages are closely monitored by activators and inhibitors (133 
jL34 1435136 ). 


Figure 41.30 Stromal foam cells. Most likely these are modified 
endometrial stromal cells. In an inflammatory setting, stromal foam 
cells are probably macrophages. 


During implantation and gestation, angiogenesis is again pivotal in 
negotiating the hookup of the feto-placental unit to the maternal 


circulation. This entails an extensive remodelling of the placental 
bed spiral arteries to form the utero-placental vessels (137 ,138 ). 


Ultrastructural Features and 
Immunohistochemistry 


Both transmission and scanning electron microscopic study of the 
endometrium has produced an immense body of literature (109 ,139 
,L40 ). Despite its scientific interest and the high aesthetic quality 
of many of the electron micrographs, little of this literature is 
currently of diagnostic relevance to the surgical pathologist. Mention 
should be made of two distinctive ultrastructural features found in 
the early secretory glandular cell: the giant mitochondrion complex 
(141 ) and the nucleolar channel system (142 ). These two features 
seem to be the earliest postovulatory morphologic change in the 
endometrial glandular cell. 


Normal endometrial and endocervical epithelium have some 
differences in their immunohistochemical profile. Endometrial glands 
are positive for low and high molecular weight cytokeratins, 
vimentin, and occasionally CEA while endocervical epithelium 
expresses CEA but is negative for vimentin and low-molecular- 
weight cytokeratin (96 ). The endometrial stroma and mesonephric 
remnants are typically strongly positive for CD10 while the 
endometrial and endocervical glands are not. Occasionally normal 
smooth muscle cells express CD10 and about 40% of leiomyomas 
contain CD10 positive cells usually focally. Both the endometrial 
stroma and smooth muscle express vimentin, muscle specific actin, 
smooth muscle actin, and Bcl-2. Smooth muscle cells typically 
express desmin and caldesmon, whereas endometrial stromal cells 
do not. The combination of desmin (or caldesmon) and CD10 can be 
helpful in distinguishing smooth muscle tumors from endometrial 
stromal sarcoma. 


The endometrium produces many secreted proteins that serve local 
cell signaling functions important for the developing endometrium 


and embryo. There is a large and growing body of literature 
concerning these products of endometrium, a topic beyond the 
scope of this chapter. However, there have been a number of 
excellent recent reviews of this subject (13 ,107 ,143 ,144 ,145 
,146 ). 


Temporal Variations 


Unlike morphologically unchanging epithelia, such as vaginal or 
gastrointestinal mucosa, that have an essentially constant 
appearance throughout the cell's lifetime, the 
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endometrium undergoes dramatic temporal morphologic changes. 
The changes are cyclic and particularly striking during the 
reproductive years. These changes can be conveniently considered 
under six headings: newborn, premenarchal, perimenarchal, 
reproductive, perimenopausal, and postmenopausal years (107 ,147 
,148 ). 


Newborn 


The genitalia of the newborn girl respond to the high levels of 
circulating maternal and placental steroids by a transient burst of 
precocious development. The endometrium may be well developed 
and have either a proliferative or, less commonly, a secretory 
appearance. Within 2 weeks these changes have regressed, and the 
long hormonal quiescence of the premenarchal years begins. This 
quiescent period is characterized by a thin endometrium populated 
by inactive glands set within a spindled inactive stroma. Rarely, 
estrogen-secreting lesions of the ovary (follicular cysts, sex cord 
gonadal stromal tumors) may cause abnormal endometrial growth, 
with resulting abnormal bleeding as part of the syndrome of 
precocious pseudopuberty. The endometrium under these 
circumstances is proliferative or hyperplastic. That this phenomenon 
occurs suggests that the inactive appearance of the normal 


endometrium during this period results from an absence of 
hormonal stimulation rather than from transient end-organ 
unresponsiveness (10 ). 


Menarche 


The onset of uterine bleeding (menarche) is one of the many 
changes that signal the maturation of the reproductive system. In 
the United States, this usually occurs between 12 and 15 years of 
age. Characteristically, the perimenarchal period is marked by 
greater variability in the length of individual cycles than is seen in 
the reproductive years and by the occurrence of anovulatory cycles 
(148 ). Disordered proliferative endometria are commonly 
encountered in this setting (see section a€oeDisordered Proliferative 
Endometrium â€» ). 


Reproductive Years 


The reproductive years are characterized by regularly occurring, 
roughly monthly, cycles, the end of which is signaled by menstrual 
bleeding (149 ,150 ). The dominant ovarian steroid secreted during 
the first half of the menstrual cycle is estradiol (E2), which induces 
endometrial proliferation. The second half of the cycle (beginning 
after ovulation) is hormonally dominated by both progesterone and 
estradiol, and this combination of hormones induces endometrial 
glandular secretion and stromal predecidualization. With the 
withdrawal of corpus luteum steroidal support, the endometrium is 
shed, setting the stage for the next cycle. These regularly recurring 
cycles may be interrupted by pregnancies, but after the termination 
of pregnancy, cycling is soon restored. 


The biochemistry of the steroid molecules and their receptors that 
are responsible for the remarkable morphologic changes of the 
menstrual cycle have been the subject of intense study (151 ,152 
,153 ). Steroid molecules are hydrophobic and easily diffuse through 
cell membranes and freely enter all cells. The endometrium, vaginal 


mucosa, and other steroid-sensitive tissues are target organs by 
virtue of the presence of high-affinity, high-specificity, low-capacity 
saturable receptors for E2 and progesterone. These nucleus-based 
receptors are absent in nonresponsive cells. In addition to being 
highly responsive to circulating hormones, the endometrium also 
synthesizes substances such as glycoproteins that affect the 
hypothalamic-pituitary-ovary axis and the endometrium itself (see 
above). A detailed description of hormone regulation is beyond the 
scope of this chapter, but several excellent reviews on the topic 
have been published and can be found in the general references 
listed at the end of the chapter. In broad terms, the steroid 
molecule combines with the appropriate receptor, and the 
steroida€“receptor complex becomes associated with a _ nonhistone 
nucleoprotein. The net effect of this linkage is to alter both 
qualitatively and quantitatively DNA-dependent RNA transcription. 
The consequence is an altered profile of protein biosynthesis. 
Furthermore, the unique response of a particular target cell type 
depends on what specific growth and differentiation program is 
initiated by the steroidal signal. The endometrium is a major target 
organ for this continual barrage of steroidal information. It responds 
by undergoing the dramatic morphologic alterations that constitute 
the normal menstrual cycle as well as producing proteins important 
for hypothalamic feedback, modulation of placental hormone 
secretion, regulation of macrophages, and regeneration after 
menses. 


Morphology of the Normal Menstrual Cycle 
Endometrium 


The first day of the menstrual cycle has conventionally been 
identified as the first day of menstrual flow. Menses usually lasts for 
less than 5 days and is followed by the endometrial proliferative 
phase, the length of which exhibits great variation (9a€“20 days), 
but on average it lasts for 10 days. After ovulation, the coordinated 


and highly predictable series of stromal and glandular changes 
characteristic of the secretory (luteal) phase takes place. The 
traditional view is that the length of this phase is constant (14 
days), and it is this alleged constancy that provides the basis for 
endometrial dating. Due to the sensitivity and specificity of serum 
hormonal studies, it is now uncommon for the surgical pathologist to 
be called upon to date the endometrium for infertility purposes. 
However, given the prevalence of polycystic ovarian disease, 
dysfunctional uterine bleeding, and iatrogenic hormonal use and 
because some gynecologists want endometrial dating it remains 
important for the surgical pathologist 
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to recognize when ovulation has occurred and the normal responses 
of the endometrium to various hormonal stimuli. The following 
discussion is a concise description of the normal menstrual cycle 
with more detailed information in the accompanying figures. 
(Figures 41.31 and 41.32 , Table 41.2 ) (106 ,107 ,117 ,154 ,155 
,156 ). 


Proliferative Endometrial Phase (Ovarian 
Follicular Phase) 


The proliferative phase spans the time from the previous menstrual 
period to ovulation. The endometrium responds to rising estrogen 
levels by synchronous proliferation of glands, stroma, and vessels. 
During the first third of the proliferative phase (early proliferative), 
the rate of growth of all three of these elements is coordinated, and 
as a consequence both vessels and glands are noncoiled. After a few 
days the growth of both glands and vessels outstrips that of the 
stroma; as a result, these tubular structures become coiled (mid- 
and late proliferative) (Figure 41.33 ). 
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Figure 41.31 Approximate qualitative changes in eight morphologic 
criteria found to be most useful in dating human endometrium. 
Reprinted with permission from: 

Noyes R. Normal phases of the endometrium. In: Hertig A, Norris H, 
Abell M, eds. The Uterus . Baltimore: Williams & Wilkins; 


1973:110a€"135. 


The glands are lined by mitotically active pseudostratified columnar 
cells with high nuclear to cytoplasmic ratios and dense chromatin 
(Figure 41.34 ). Mitotic figures are almost always easy to find. 
These cells are present throughout the proliferative phase and even 
into early secretion. After about 10 to 11 days, irregular subnuclear 
vacuoles begin to appear. During the last 2 days mitotic activity 
decreases, glandular coiling becomes more prominent, and vacuoles 
are easily found. 


The interval period is the 48 hours between ovulation and the 
presence of uniformly vacuolated cells indicative of postovulatory 
day 2. Mitotic figures are present during this period, and the cells 
retain their proliferative nuclear features. 
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Figure 41.32 Decision tree for endometrial dating. Reprinted with 


permission from: 
Hendrickson M, Kempson R. Surgical Pathology of the Uterine 
Corpus . Philadelphia: WB Saunders; 1980. 
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Endometrial Secretory Phase (Ovarian 
Luteal Phase) 


Ovulation is mediated by the luteinizing hormone (LH) surge, a 
synchronous burst of LH and follicle-stimulating hormone secretion 
that peaks on the 14th day of the ideal 28-day cycle. Ovulation 
occurs roughly 10 to 12 hours after this peak. The length of time 


from the last menstrual period to the day of ovulation for an 
individual woman is the length of her follicular phase. This surge of 
pituitary hormones initiates a complex series of events that results 
in the expulsion of the oocyte from the developed tertiary follicle 
and the transformation of the follicle into a corpus luteum. As a 
consequence of this transformation, the biosynthetic profile of the 
follicle changes, and both estradiol and large quantities of 
progesterone, are secreted. The biosynthetic lifetime of the corpus 
luteum defines the ovarian luteal phase that corresponds to 
endometrial secretory development. Both ovarian and endometrial 
luteal phases last 14 days on average, but this can be highly 
variable (see section a€ceRelevance of Endometrial Dating to 
Diagnostic Surgical Pathologists d€e ). 


The endometrium, which has proliferated and has been primed by 
estrogen, responds to the simultaneous stimulation of estrogen and 
progesterone by differentiating in a distinctive fashion. The 
morphologic changes can be divided into four periods: interval, 
early secretory, midsecretory, and late secretory (see Figure 41.32 
). The first 24 to 36 hours of the secretory phase are 
morphologically silent because the endometrium, for the most part, 
retains its late proliferative appearance, although scattered 
nonuniform subnuclear vacuoles may appear. This morphologically 
indeterminate endometrium is termed a€oeinterval.a€* The first 
unequivocal light microscopic indication that ovulation has occurred 
is the presence of uniform subnuclear vacuoles involving more than 
50% of the endometrial glands. Over the next few days these 
vacuoles shift from a subnuclear to a supranuclear location. By the 
fifth postovulatory day, most of the secretion has been discharged 
into the gland lumen. The morphologic hallmark then of the early 
secretory phase (postovulatory days 2 to 5) is the vacuolated gland 
(Figure 41.35A, B). 


The midsecretory phase lasts from postovulatory days (PODs) 5 to 9 
and is characterized by nonvacuolated, prominently coiled secretory 
glands set within a spindled edematous stroma. Luminal secretion is 


most prominent during this period, and the overall appearance is 
one of 
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glandular crowding (157 ). The secretory cells usually have round 
somewhat vesicular nuclei. This serves to separate them from the 
nuclei found in early secretory phase cells (Figure 41.36A, B, C). 
The distinctive feature of the late secretory endometrium (PODs 
10a€“14) is stromal predecidualization. This diagnostic stromal 
change is heralded by an increased prominence of the spiral 
arteries. By the 10th postovulatory day, cuffs of predecidual cells 
are present around these arteries, initially involving the part of the 
vessel adjacent to the surface of the endometrium (Figure 41.37A, B 
). Subsequently, islands of predecidual cells appear in the 
Superficial compactum. By POD 13 these islands become confluent. 
The extent of predecidualization is roughly paralleled by the degree 
of stromal infiltration by stromal granulocytes, although some 
investigators have suggested that the intensity of this infiltration is 
more closely correlated with the time of onset of menses (158 ). 
The appearance of the glands during the late secretory phase is not 
Significantly different from their appearance during the midsecretory 
phase. They are lined by nonvacuolated secretory cells with round 
vesicular nuclei, and during the later days of this period, the glands 
typically have the saw-toothed appearance sometimes referred to as 
secretory exhaustion. As the late secretory phase progresses, 
increasing numbers of secretory cells exhibit apoptosis and 
apoptotic bodies accumulate within stromal macrophages. 


What type of gland is present? 
A. Proliferative Gland (Early proliferative, midproliferative, late 
proliferative, interval) 
Is the gland straight or coiled? 
Straight: early proliferative 
Coiled: midproliferative, late proliferative, interval 
Is there stromal edema? 
Yes:  midproliferative 


No: late proliferative, interval 
Are there scattered subnuclear vacuoles present, but with less 
than 50% of the glands exhibiting uniform subnuclear vacuolization? 
No: late proliferative 
Yes: intervala€”consistent with but not diagnostic of POD 1 
B. Secretory Glanda€“Vacuolated (Early secretory) 

POD 2: Subnuclear vacuolization uniformly present, leading to 
exaggerated nuclear pseudo-stratification (greater than 50% of the 
glands exhibit uniform subnuclear vacuolization); mitotic figures 
frequent 

POD 3: Subnuclear vacuoles and nuclei uniformly aligned; 
scattered mitotic figures 

POD 4: Vacuoles assume luminal position; mitotic figures rare 

POD 5: Vacuoles infrequent; secretion in lumen of gland; cells 
have a nonvacuolated secretory appearance 
C. Secretory Glanda€“Nonvacuolated (Midsecretory, late secretory, 
menstrual) 

Is there stromal  predecidualization? 

No: midsecretory 

POD 6: Secretion prominent 

POD 7: Beginning stromal edema 

POD 8: Maximal stromal edema 

Yes: late secretory, menstrual 

Is there crumbling of the stroma? 

No: late secretory 

POD 9: Spiral arteries first prominent 

POD 10: Thick periarterial cuffs of predecidual 

POD 11: Islands of predecidual in superficial compactum 

POD 12: Beginning coalescence of islands of predecidual 

POD 13: Confluence of surface islands; stromal granulocytes 
prominent 

POD 14: Extravasation of red cells in stroma; prominence of 
stromal granulocytes 

Yes: menstrual 


crumbling stroma, hemorrhage 

intravascular fibrin thrombi 

stromal granulocytes prominent 

polymorphs present 

late menstrual: regenerative changes prominent 


| table 41.2 Decision Tree for Endometrial Dating 


Figure 41.33 Midproliferative endometrium. Note the early coiling 
and synchronously developed glands. 
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Menstruation 


Menstrual Phase (cycle days 1â€“4). 


The abrupt withdrawal of both estrogen and progesterone 
accompanying the demise of the corpus luteum initiates menstrual 
bleeding. The molecular events initiating and guiding the controlled 
bleeding of menstruation are bewilderingly complex in contrast to 
the relatively straighforward light microscopic picture (159 ). The 
endometrium on the first day of menstrual bleeding (cycle day 1) is 
thin and compact. It is composed of the basalis anda€”relative to 
the fully developed secretory endometriuma€”a substantially 
shrunken, dense functionalis. The basalis maintains the relatively 
constant histologic appearance it has throughout the endometrial 
cycle. The shrinkage of the functionalis is largely due to 
a€cedeflationa€* consequent on the withdrawal of interstitial fluid. 
The constituent glands and stroma of the functionalis fragment and 
crumble. Fibrin thrombi appears in vessels and within the 
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stroma. As the stroma disintegrates, the endometrial glands are 
randomly arranged and may artificially crowd together (Figure 41.38 
). The degenerative atypia of these glands, the necrotic background, 
and the close approximation of glands may suggest a diagnosis of 
malignancy. The general strategy of not making a diagnosis of 
malignancy when well-preserved glands and stroma are absent, 
should prevent such a mistake (Figure 41.39 ). 


Figure 41.34 High-power view of a proliferative phase gland. The 


constituent cells are pseudostratified, and the characteristically 
elongate glandular nuclei have dense chromatin. 


Figure 41.35 A . andB . Early secretory endometrium with 
subnuclear vacuoles. The nuclei retain the dense chromatin of the 
proliferative phase. Uniformly present cytoplasmic vacuoles are the 
most useful marker of the first third of the secretory phase. 


Figure 41.36 Midsecretory endometrium. The hallmarks of this 
period can be seen in these three photomicrographs. At low 
magnification (A ), extreme glandular coiling and stromal edema are 
apparent. At a somewhat higher magnification (B ), the coiled spiral 
arteries are seen within an edematous stroma. Perivascular 
predecidual reaction has not occurred. At yet higher magnification 
(C ), the characteristically round vesicular nuclei of the 

midsecretory endometrium are apparent (contrast with proliferative 
phase nuclei in Figure 41.26 ). 


Figure 41.37 Late secretory endometrium. At low magnification (A 
), the serrated appearance of the gland reflects their coiled state. 
The stroma cells have undergone predecidual reaction (B ). 
Predecidual reaction begins around the spiral arteries, and this 


reaction serves to distinguish midsecretory endometria from late 
secretory endometria. 
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Figure 41.38 Stromal breakdown. Disintegrating endometrium may 
simulate endometrial malignancy. A . Sheets of disintegrating 
stromal cells may simulate an endometrial stromal neoplasm. B . 
Higher magnification shows individual cell necrosis and 
inflammation, findings that should raise the possibility of 
disintegrating nonneoplastic endometrium. C . Confirmation of this 
possibility is made by finding inflamed epithelium associated with 
degenerating stromal cells. In this case, characteristic epithelium- 
covered spherules are produced. 
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There is rapid onset of endometrial repair during this time. 
Numerous studies have demonstrated the outgrowth of epithelium 


from the stumps of the disrupted endometrial glands and ingrowth 
from the intact areas of the cornual and isthmic endometrium. This 
process begins during the 2nd or 3rd day and is completed by the 
4th or 5th day. This early repair phase is thought by some to be 
estrogen independent as is the initial regrowth of the vasculature 
(160 ). In normal women, almost 50% of menstrual blood loss 
occurs on the first day (106 ,161 ,162 ). 


Endometrial Morphology During the Luteal 
Phase of the Cycle of Conception 


If implantation of a blastocyst occurs, it will be during the 
midsecretory phase (PODs 6a€“8), and this event is associated with 
a resurgence of glandular secretion and a persistence of stromal 
edema. After this time, biopsy findings will 
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feature prominent glandular secretion (which in a nongravid cycle 
would have subsided), stromal edema, and stromal 
predecidualization (Figure 41.40 ) (163 ,164 ). 


Figure 41.39 A low-power view of a menstrual endometrium 
showing the unresponsive basalis in the lower part of the 
photomicrograph and the functionalis disintegrating near the 
surface. 
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Figure 41.40 The transition from secretory to gestational 
endometrium is shown. The simultaneous occurrence of intense 
secretion, edema, and predecidual reaction and maintained vascular 
flow characterizes the early endometrial gestational responses. 
Reprinted with permission from: 

Arias-Stella J. Gestational endometrium. In: Hertig A, Norris H, 
Abell M, eds. The Uterus . Baltimore: Williams & Wilkins; 
1973:185a€“212. 
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The developing predecidua is gradually converted to decidua after 
POD 14 of the luteal phase of conception. This transformation is 
complete by the end of the first month of gestation. The fully 
developed decidual reaction is distinctive. Almost all of the 
endometrial stroma is converted into pavementlike sheets of 
epithelioid cells with prominent cytoplasmic margins and central 
vesicular nuclei (see Figure 41.28 ). In the superficial portion of the 
functionalis, the glands are compressed and their lining becomes 
flattened and endothelium-like. This compact sheetlike zone, the 


zona compactum, overlies saw-toothed scalloped glands, the zona 
spongiosum, which continue to exhibit secretory features. Many of 
the glands in the spongiosum are lined by cells with enlarged nuclei 
that often have atypical nuclear features approaching those of the 
Arias-Stella reaction (Figure 41.41 ). Scattered a€™ stromal 
granulocytesa€™ (uterine NK cells) are present. Decidual cells may 
exhibit substantial nuclear pleomorphism and cytologic atypia. This 
is particularly prominent in the region of the implantation site. In 
addition, this region is also infiltrated by intermediate trophoblastic 
cells, which normally have a bizarre cytologic appearance. These 
cells are positive for both keratin and hPL. The infiltration of 
decidua and the underlying myometrium by trophoblasts in the past 
has been termed a€cesyncytial metritis,a€é* not a particularly 
felicitous label because the process has little to do with 
inflammation (Figure 41.42 ). Accordingly, the current term for this 
process is a€oaimplantation site reactiona€* and is diagnostic of 
intrauterine pregnancy (165 ). Both placental site reaction and 
decidual atypia may incorrectly suggest malignancy, but confusion 
with adenocarcinoma is avoided by noting the secretory setting of 
these findings as well as the clinical history. 


Although a fully developed decidual reaction is a constant feature of 
intrauterine pregnancy, it is by no means a diagnostic finding. An 
identical decidual reaction may be seen in extrauterine (ectopic) 
pregnancy; also, it can be produced by progestational agents or can 
be associated with persistence of the corpus luteum unassociated 
with pregnancy (e.g., corpus luteum cyst). For this reason, 
intrauterine implantation should only be diagnosed in the presence 
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of chorionic villi or the presence of intermediate trophoblasts 
associated with enlarged vessels replaced by hyalin, or with 
fragments of fibrinoid matrix (165 ). 


Figure 41.41 Gestational endometrium. This gland is lined by cells 
with enlarged dense nuclei characteristic of the Arias-Stella 
reaction. 


Figure 41.42 Myometrium beneath an implantation site containing 
infiltrating trophoblasts. This must not be misinterpreted as 
evidence of gestational trophoblastic disease. 
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Distressingly, on rare occasions, the finding of trophoblastic tissue 
in a curetting does not exclude an ectopic gestation and suggests 

that when clinical suspicion is high, the presence of either chorionic 
villi or an implantation site should not preclude further workup of a 


possible ectopic pregnancy (166 ). 


Previous intrauterine pregnancy is strongly suggested in the 
postpartum endometrium by the presence of cuffs of hyalinized 
decidua around sclerotic ectatic spiral arteries. The decidual cells 
composing this cuff often have hyperchromatic smudged and 
degenerate nuclei, and the vessels are often thrombosed. These 
findings have been referred to as subinvolution of the placental site 
and can be responsible for postpartum hemorrhage (167 ). This 
presumably occurs because these severely altered vessels are 
incapable of contraction. With time, the foci of hyalinization shrink 
and the nuclei may disappear, leaving a small pink scar resembling 
an ovarian corpus atreticum. These distinctive foci have been 
referred to aS pregnancy plaques, and they may persist in the 
basalis for many years. Similar lesions featuring intermediate 
trophoblasts have been termed placental site nodule and placental 
site plaque (167 ). Occasionally, a placental site nodule (PSN) or 
exaggerated placental site can be confused for a gestational 
trophoblastic tumor such as placental site trophoblastic tumor 
(PSTT) or epithelioid trophoblastic tumor (ETT). While conventional 
H&E morphology is still very useful in distinguishing placental site 
nodules and plaques, immunohistochemical profiles can also be 
helpful. Studies over the last decade have shown that there are a 
variety of intermediate trophoblasts involved in implantation and 
establishing vascular connections to the maternal blood flow. These 
trophoblasts seem to have distinct immunohistochemical properties, 
some of which are shared with the cells of gestational trophoblastic 
tumors (GTTs). An exaggerated placental site is characterized by 
infiltration of individual cells with preservation of normal structures 
and mitoses essentially absent. Plancetal site trophoblastic tumors 
are characterized by mitotically active confluent masses of cells that 
disrupt normal architectures. All trophoblasts express 
pancytokeratins, so while this may be helpful in highlighting the 
trophoblasts it does little to predict the aggressive potential of the 
proliferation. Kurman et al. have established algorithms for 


evaluating placental site nodules and trophoblastic tumors, using a 
combination of human placental lactogen (hPL), p63 and Ki67. 
Briefly, the intermediate trophoblasts of an exaggerated placental 
site is hPL positive, p63 negative, and has a Ki67 activity of less 
than 1%. A PTT will have the same immunohistochemical profile 
except the Ki67 is much greater. The intermediate trophoblasts in a 
placental site nodule are hPL negative, p63 positive and have a Ki67 
activity of less than 10%. Epitheloid trophoblastic tumor can 
sometimes be confused with a placental site nodule but has a Ki67 
activity of greater than 10%. Occasionally, the diagnostic dilemma 
is between placental site nodule and squamous cell carcinoma; in 
this scenario, inhibin and cytokeratin 18 can be useful as PSNs are 
postitive for both of these antibodies while squamous cell 
carcinomas are negative (168 ,169 ,170 ). 


Hyperprogestational states (particularly pregnancy) are sometimes 
associated with the distinctive glandular change to which Arias- 
Stella first drew attention in 1954 and that now bears his name 
(171 ,172 ). Most commonly this change is encountered in 
endometrial glands, but on occasion it may be present in foci of 
endometriosis or adenomyosis, in endocervical glands, in uterine 
(fallopian) tube epithelium, or in the glands within polyps. The 
Arias-Stella (AS) phenomenon characteristically involves a focus of 
tightly packed glands whose extreme coiling and collapse throw the 
lining epithelium into prominent papillary folds. This epithelium is 
composed of cells exhibiting marked nuclear pleomorphism and 
hyperchromatism. The nuclei typically have a smudged appearance. 
The cell cytoplasm may be strikingly hypervacuolated and cleared 
(clear cells) or densely eosinophilic (dark cells) (see Figure 41.41 ). 
One or the other cell type may predominate from area to area. 
Occasionally the eosinophilic cells may line the glands in a hobnail 
fashion. Mitotic figures only rarely are present. Elsewhere the 
endometrium usually exhibits the other changes one would 
anticipate with progestational stimulation, such as secretory glands 
and a stromal decidual reaction. 


Less striking degrees of nuclear hyperchromasia, nuclear 
pleomorphism, and cytoplasmic vacuolization are, in our experience, 
constant features of the secretory glands of every pregnancy. The 
Arias-Stella reaction appears to represent the extreme end of the 
morphologic spectrum of the glandular epithelial changes seen in all 
pregnancies. 


An endometrial Arias-Stella change may be present in a variety of 
clinical settings, including normal intrauterine 
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pregnancy, extrauterine pregnancy, gestational trophoblastic 
disease, and persistent corpus luteum. In a retrospective review of 
patients coded as having Arias-Stella reaction, 16% had an 
extrauterine gestation. It also may be produced by the 
administration of ovulation-inducing drugs or progestational agents 
(171). 


Because of the marked nuclear atypia of the epithelium lining the 
closely packed glands, the Arias-Stella phenomenon can be confused 
with adenocarcinoma, particularly with the architectural and 
cytologic features of clear cell carcinoma. This difficulty largely can 
be avoided by remembering that the Arias-Stella phenomenon 
occurs in a secretory setting; that is, more conventional secretory 
glands and decidualized or predecidualized stroma are usually found 
elsewhere in the specimen and the patient is premenopausal. 
Moreover, glandular mitotic figures tend not to be a prominent 
feature, although they may occasionally be encountered (173 ). 
Clear cell carcinoma (like any carcinoma) is fundamentally a 
proliferative process, and the constituent cells not only possess 
malignant features but also exhibit mitotic activity. Most 
importantly, clear cell carcinoma of the endometrium develops 
almost exclusively in postmenopausal women. Immunochemistry has 
been useful in separating the two; p53 and Ki-67 staining are 
absent in Arias-Stella (AS) and are present in clear cell carcinoma 
(174 ). 


Occasionally in a gestational setting glandular nuclei may exhibit 
marked nuclear clearing reminiscent of herpetic infections (Figure 
41.43 ) (175 ). 


Endometrial Vasculature 


The transition from the endometrium of early gestation to that of 
fully developed pregnancy is marked by the accelerated 
development of the endometrial vasculature, resulting in increased 
thickness of the spiral arteries, as reflected in their mean cross- 
sectional diameter (176 ,177 ). 


Figure 41.43 Nuclear clearing of the glandular cells in the 
endometrium may be seen in a gestational setting. This change 
should not be misconstrued as evidence of herpes virus infection. 


Perimenopausal and Postmenopausal Years 


With the waning of hormonal function in the fifth decade of life, a 
woman enters the perimenopause, during which time uterine 
bleeding characteristically again becomes erratic, and the length of 
time between bleeding episodes lengthens. Thus, both the 
perimenopause and the perimenarche may be marked by erratic 
ovarian function and consequent dysfunctional uterine bleeding (178 
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The end of ovarian follicular development and ovulation results in 
cessation of the menstrual periods and the menopause. Thereafter, 
the uterus enters a second inactive period, and the endometrial 
glandular epithelium, as in the premenarchal years, is typically 
atrophic. However, the glandular architecture and thickness of the 
endometrium may vary considerably. Several different patterns may 
be seen in the peri- and postmenopausal endometrium, which are 
described in the following sections. 


Atrophic Endometrium 


Atrophic epithelium is nonstratified and composed of a single layer 
of flattened to cuboidal cells. Mitotic figures are not present, the 
nucleus-to-cytoplasm ratio is high, and there is usually no specific 
cytoplasmic differentiation, although cilia may be present 
occasionally. The defining and only constant feature of atrophic 
endometria is the atrophic epithelial lining of its constituent glands, 
which may have any configuration, including cystic dilatation and 
glandular crowding. The stroma is spindled and is neither 
predecidualized nor decidualized. The nuclei may be densely 
pyknotic (as in postmenopausal endometria or endometrial polyps) 
or plump (as in endometria associated with oral contraceptives). 
Stromal disintegration may be present (Figure 41.44 ) (179 ,180 
,181). 


Figure 41.44 Endometrial atrophy as seen in an endometrial 
Sampling. On occasion, atrophic surface epithelium may be removed 
in coiled masses and simulate hyperplasia because the glands are 
closely approximated. Reprinted with permission from: 

Hendrickson M, Kempson R. The uterine corpus. In: Sternberg S, 
ed. Diagnostic Surgical Pathology . New York: Raven; 
1994:2091a€“2193. 
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Atrophic endometria can occur in a variety of clinical settings. It is 

the normal state during the premenarchal and later postmenopausal 
years. During the reproductive years, atrophic patterns may be seen 
in association with premature ovarian failure or, more commonly, in 
patients taking oral contraceptives. 


Weakly Proliferative Endometrium 


Weakly proliferative epithelium is nonstratified, although some 
degree of nuclear pseudostratification may be present, and its 
constituent cells are thin (pencil shape). This epithelium differs from 
the normal proliferative epithelium in the paucity of mitotic figures, 
the greater density of the nuclear chromatin, and, in the usual case, 
the overall lack of organization of the glands. The glands may be of 
any configuration, but the glands-to-stroma ratio is almost always 


near unity or there can be a slight stromal predominance. The 
stroma is spindled; stromal cell nuclei may be densely pyknotic or 
plump. 


The morphologic variability of the weakly proliferative endometrium 
parallels that of the atrophic endometrium. The difference between 
them is solely based on the appearance of the epithelial cells: 
weakly proliferative rather than flattened or cuboidal. The clinical 
settings in which these two endometria occur overlap considerably. 
It is conceptually convenient to regard the weakly proliferative 
endometrium as lying on a continuum between normal and atrophic 
endometrium; the weakly proliferative patterns may then be 
conceived of as representing a transition between normal 
proliferation and atrophy. Weakly proliferative endometria are most 
often encountered in patients in the peri- or postmenopausal years; 
these endometria appear to be poorly supported by low levels of 
endogenous or exogenous estrogen. This pattern is normal in the 
hormonally hyporesponsive lower uterine segment of the normally 
cycling premenopausal women. 


During the perimenopausal period some women are prone to chronic 
stromal breakdown due to the inconsistent hormonal milieu and 
anovulatory cycles. This can result in surface metaplasias such as 
eosinophilic or papillary metaplasia. The former is characterized by 
enlarged cells with abundant pink cytoplasm and conspicuous 
necleoli. The latter often form small papillary aggregates which 
layer the surface epithelium but can be detached and free-floating 
in an endometrial sampling. When atypia is present in these cells, 
this benign process can be mistaken for serous papillary carcinoma 
or its precursor, endometrial intraepithelial neoplasia. In this setting 
Ki67 and p53 can be useful adjuvant tests as eosinophillic 
metaplasia has a low Ki67 index and is usually only weakly for p53 
while EIC is often strongly positive for both. While this panel will not 
give a definitive answer, it can prove helpful in confirming the 
histologic impression (182 ). 


Disordered Proliferative Endometrium 


We regard a€cedisordered proliferationa€* as the morphologic 
bridge spanning normaly proliferating endometrium and endometrial 
hyperplasia. It is the endometrial pattern encountered in women 
experiencing sporadic anovulatory cycles and thus is most 
commonly encountered in the perimenopausal and perimenarchal 
years. It is also commonly seen in women receiving estrogen 
therapy. Disordered proliferation differs from normal proliferation by 
virtue of a loss of synchrony of glandular development so that some 
glands are tubular, whereas others are cystically dilated or have 
complex shapes. Budding may be present so that there may be a 
shift in the glands-to-stroma ratio in favor of the glands, but this 
shift is never more than 2:1. When glandular predominance is so 
marked that there is a shift in the glands-to-stroma ratio of 3:1 in 
favor of the glands, a diagnosis of hyperplasia is warranted (Figure 
41.45 ). 


We think that disordered proliferation (in the sense above) 
represents the response of a normal endometrium to sporadic, 
unopposed estrogen stimulation. There is no evidence that this 
pattern is a marker for an increased risk for the subsequent 
development of endometrial carcinoma. Because the term 
a€cehyperplasiaa€* connotes to many clinicians such an increased 
risk, we part company with those pathologists who include this 
pattern in the hyperplasia group. 


Histologically, the variously shaped glands are lined by normal 

proliferative cells with elongate dense nuclei that are most often 
pseudostratified. Mitotic figures are usually present and may be 
numerous. Stromal cells are spindled with plump nuclei. 


Figure 41.45 Disordered proliferation is the result of anovulatory 
cycles and is normal during the perimenopausal years. It is often 
found in the endometrium of women receiving estrogen therapy. 
Disordered proliferation is characterized by nonsynchronous growth 
of the glands including budding, but the glands-to-stroma ratio is 
unity or with a slight glandular predominance. This pattern of 
endometrial growth serves as a bridge between normal proliferation 
and hyperplasia. 
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Relevance of Endometrial Dating to 
Diagnostic Surgical Pathologists 


The endometrial biopsy (EB) no longer plays the major role it used 
to play in the evaluation of the infertility patient for three reasons. 
First, historically, the EB's primary function was to serve as a 
bioassay for assessing a patient's endocrinological state; this role 
has been largely replaced by a variety of sophisticated and user- 
friendly direct methods of measuring circulating steroid and 
gonadotropin levels. Second, the EB's other function was to detect 
organic uterine disease. This role has been rendered irrelevant by 
the general availability of a large number of sophisticated imaging 
techniques. Finally, over recent years, many carefully controlled 


studies have established that, as a screening test for distinguishing 
fertile from infertile couples, the endometrial biopsy has poor test 
characteristics. That is, setting aside organic causes of infertility, 
the endometrial biopsy, functioning as a bioassay, is unreliable in 
separating fertile from infertile women. This is due largely to the 
substantial morphologic heterogeneity of the normally functioning 
endometrium (183 ,184 ,185 ,186 ,187 ,188 ). 


The latest edition of a widely used infertility text asserts: a€oeTaken 
together, the body of available evidence supports the conclusion 
that traditional endometrial histologic dating is not a valid 
diagnostic tool. Consequently, endometrial dating cannot be used to 
guide the clinical management of women with reproductive failure 
and should no longer be regarded as an important element of their 
evaluationa€s (189 ). 


That said, the EB is still employed by some infertility specialists. In 
a recent survey of infertility physicians, 12% routinely ordered this 
test as part of the workup of the infertile couple, chiefly for its 
bioassay function (187 ,190 ). 


Its deficiencies notwithstanding, the EB, when it is ordered for 
fertility evaluation, can provide much useful information. Its chief 
function is to determine whether ovulation has occurred and 
documenting anovulatory cycles points toward an ovarian factor in 
the patient's infertility. Again, organic reproductive tract disease 
may be detected on the endometrial biopsy; for example, 
endometrial poylps, leiomyomas, endometritis, hyperplasia, or 
carcinoma. 


What modern studies do suggest is that the obsessive fine-tuning of 
the postovulatory morphologic date provides no useful clinical 
information. Historically, this fine-tuning of the postovulatory 
morphologic date was designed to detect luteal phase deficiency 
(LPD). Briefly, LPD can be thought of as a subtle form of ovulatory 
dysfunction manifested by a relatively short luteal phase. This 
results in low cumulative serum levels of progesterone in the luteal 


phase of the cycle and a consequent underdevelopment of secretory 
endometrium. LPD is a relatively uncommon syndrome, that (like 
congestive heart failure) has many etiologies. LPD is thought by 
many experts to be responsible for some cases of infertility and to 
be remediable by using a variety of techniques, chiefly ovulation 
induction (13 ,189 ). Historically, LPD was defined in terms of a 
greater than 3-day disparity between the woman's chronologic date 
of ovulation and her endometrial morphologic date when this 
disparity occured more than sporadically. The diagnosis of this 
condition is now largely based on an assessment of the integrated 
luteal phase progesterone and not on a histological assessment of 
the endometrium (188 ,191 ,192 ). 


What follows is a stripped down version of endometrial dating for 
those who are asked to provide a fine-tuned morphologic date (i.e., 
more than proliferative, early-, mid- or late-secretory); most 
endometrial biopsies do not require this. 


The precise details of the morphologic patterns corresponding to 
standard cycle dates are presented in Table 41.2 and Figures 41.31 
and 41.32. 


Some general points are important to keep in mind when using 
these aids: 


1) Morphologic dates and chronological dates 


In evaluating the endometrium, it is important to carefully 
distinguish between the morphologic postovulatory date assigned to 
a morphologically normal endometrium and the chronologic 
postovulatory date (POD) (106 ,147 ,193 ,194 ). The morphologic 
date is a summary characterization of the histologic development of 
the endometrium based on an assessment of glandular and stromal 
features. The morphologic findings may be summarized either in 
terms of postovulatory days, cycle days, or phases. For example, 
the morphologic pattern associated with a particular 
a€cestandarda€* postovulatory day is assigned the number of that 


day; for example, POD 12 refers to the pattern seen on POD 12 of 
the a€oestandarda€* cycle. Equivalently, this morphologic 
information can be conveyed using cycle day or phase (e.g., late 
secretory). 


2) Endometrial dating should be reported as a range of 2 days 


Research in the last two decades has shown the fallacy in using a 
standard 28 day cycle for all women. It is now known that both the 
follicular and leuteal phases vary among women (195 ). Adding to 
this biological heterogeneity is the poor interobserver reproducibility 
of the conventional Noyes' dating. 


Noyes and Haman reported that two observers agreed on the same 
morphologic date 29% of the time, were within one day of each 
other in 63% of the cases, and were within 2 days of one another in 
82% of cases (196 ). These results have been duplicated in more 
recent studies (154 ,197 ,198 ,199 ). As a consequence, the results 
of endometrial dating should be reported as a range of 2 days to 
reflect this variability. 


3) Determining whether the patient has ovulated 


Deciding whether a woman has ovulated by examining an 
endometrial biopsy (EMB) taken in what is presumed to be her late 
luteal phase is usually a trivial matter; the 
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presence of a late secretory endometrium means ovulation. Deciding 
whether ovulation has occurred in the early luteal phase is more 
problematic. The characteristic light microscopic postovulatory 
secretory changes in the endometrium lag behind actual ovulation 
by at least 1 day. A biopsy on POD 2 usually reveals subnuclear 
vacuoles in the vast majority of glandular cells in the superficial 
functionalis but these may be spotty (interval pattern). Such 
vacuolization may be seen in late proliferative endometria as well as 
in other types of nonsecretory endometria and is, for this reason, 
not diagnostic of ovulation. Because of the ambiguous morphologic 


picture in the early postovulatory period, endometrial biopsies are 
usually obtained well into the presumed luteal phase of the cycle, 
preferably on PODs 11 to 13. We require uniform subnuclear 
vacuolization in 50% of the glands before diagnosing the earliest 
morphologic evidence of ovulation; this usually is present by POD 3. 


4) Some practical details 


Accurate endometrial dating requires attention to a number of 
details (193 ). Dating features should be sought only in fragments 
of endometrial functionalis, which are lined by surface epithelium; 
fragments of basalis and lower uterine segment should be ignored. 
The assigned date should be of the most developed area and should 
be based on features near the surface epithelium (the a€ceegg's eye 
viewa€* of Noyes) (193 ). 


The preconditions for assigning a morphologic date to an 
endometrium are described as follows. Assigning a date to an EMB is 
obviously not possible in the absence of an adequate specimen, in a 
noncycling endometrium (e.g., nonsecretory pattern other than 
proliferative), in a patient being treated with medication that alters 
the morphology of the endometrium, or in an endometrium that is 
inflamed or that houses an intrauterine device. Thus, a precondition 
for applying the dating criteria is that one is dealing with a roughly 
normal endometrial pattern. Scanning power examination should 
establish the presence of pattern uniformity (apart from the 
expected variation due to sectioning randomly oriented fragments 
and normal out of phase curettage inhabitants such as fragments of 
the lower uterine segment, cervical epithelium, and stratum 
basalis), the absence of significant budding and branching of glands, 
and the absence of necrosis and inflammation. Examination at 
higher power should exclude the presence of significant epithelial 
nuclear atypia and the absence of significant numbers of stromal 
plasma cells. 


A checklist for the contents of the pathology report of endometrial 
biopsies is provided in Table 41.3. 


Endometriala€ “Myometrial Junction 


The endometriala€“myometrial junction is normally irregular, a 
phenomenon that must be kept in mind when assessing the 
presence or absence of myoinvasion by endometrial adenocarcinoma 
and in diagnosing superficial adenomyosis (see Figure 41.24 ). 


Statement of the adequacy of the biopsy 
Suggest re-biopsy if: 

Sample is inadequate 

The endometrium is disintegrating and not clearly menstrual 
(i.e., | postovulatory) 

The endometrium is disintegrating, postovulatory but otherwise 
undatable and the main concern is with the adequacy of the luteal 
phase 
Statement about evidence of ovulation 
Statement about pattern uniformity 
An estimate of the endometrium's morphologic date (2-day interval) 
Correlation with information about the chronological date 
Statement about presence or absence of a€ceorganic diseasea€e 

Inflammation 

Endometrial polyps 
Submucous leiomyomas 


Table 41.3 The Contents of the Pathology Report for an 
Infertility Endometrial Biopsy 


Apoptosis and the Endometrium 


The role of programmed cell death or apoptosis in the remodeling of 
the endometrium was mentioned earlier in this chapter. Apoptosis 
and its hormonal control in both human and animal endometrium is 
an area of active investigation by a number of groups (200 ,201 
,202 ,203 ). 


Withdrawal of progesterone in the rabbit endometrium correlates 
with the development of apoptosis (204 ,205 ,206 ,207 ). 


Bcl-2 is a protooncogene initially described in the (14 ,18 ) 
translocation in follicular lymphoma. It has been shown to prolong 
cell survival by preventing apoptosis. Gompel et al. studied Bcl-2 
expression immunohistochemically in the normal endometrium (208 
). They found that Bcl-2 predominated in glandular cells and 
reached a maximum at the end of the follicular phase but 
disappeared at the onset of secretory activity. Maia et al. found a 
precipitous drop in Bcl-2 after ovulation, further supporting an 
increase in Bcl-2 in response to estrogen and a decrease in 
response to progesterone (209 ). In addition, this group found an 
elevated p53 expression in the proliferative phase but a drop in the 
late luteal phase. These results strongly suggest hormone- 
dependent regulation of Bcl-2 expression and cell cycling. 


The role of tumor necrosis factor alpha (TNF-i+) in the induction of 
apoptosis was explored by Tabibzadeh et al. (210 ). They found that 
the TNF receptor as well as Fas protein were expressed in 
endometrial epithelium throughout the entire menstrual cycle and 
were most prominent in the 
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basalis. They concluded that endometrial epithelium, by expressing 
receptors for TNF-i+ and Fas protein, can respond to ligands that 
regulate apoptosis. 


Normal findings in the endometrium that have relevance to 
histopathologic differential diagnosis are shown inTable 41.4. 


Myometrium 


The bulk of the myometrium comprises smooth muscle cells, but an 
important contribution is made by extracellular components such as 
collagen and elastin. The smooth muscle within the corpus is more 
concentrated relative to collagen and elastin than the muscle in 


either the cervix or the lower uterine segment. This distribution of 
muscle is consistent with the passive role of the cervix during 
parturition; the uterine contents propelled by fundal contractions 
are thought to passively dilate a cervix previously softened by the 
action of collagenase. The uterine smooth muscle cells are spindled, 
with blunt-ended fusiform nuclei. Their cytoplasmic volume depends 
on whether the patient is pregnant (211 ,212 ,213 ,214 ). Scattered 
normal mitotic figures may be encountered, particularly during the 
secretory phase of the endometrial cycle (215 ). Characteristic 
ultrastructural features of smooth muscle include (a) numerous 
dense, 60- to 80-A myofilaments without cross striations, which 
almost fill the cytoplasm; (b) small round dense bodies along the 
trajectory of the filaments; (c) dense plaques arranged along the 
inner aspect of the plasma membrane; and (d) plasma 
membranea€“related vesicles that may play a role in ionized calcium 
movement across the plasma membrane during contraction. In 
addition, there is the usual complement of cytoplasmic organelles, 
including smooth and rough endoplasmic reticulum, mitochondria, 
and a Golgi apparatus. Typically these organelles arrange 
themselves around the nucleus, which often has an irregular shape. 
These ultrastructural features reflect the dual function of the uterine 
myocyte: muscular contraction and collagen and elastin synthesis. 
The ultrastructural appearance varies with the levels of circulating 
steroidal hormones. In particular, estrogen appears to sharply 
increase myocyte protein synthesis. This correlates morphologically 
in an increased volume of rough endoplasmic reticulum and 
increased numbers of cytoplasmic contractile elements. The 
biochemistry and electrophysiology of the myometrium have been 
extensively reviewed (214 ,216 ,217 ). The histologic and 
ultrastructural appearance of smooth muscle cells differ 
substantially from those of the endometrial stromal cell. These 
differences are set out in Table 41.5 . However, it should be noted 
that cells with a hybrid smooth musclea€“stromal phenotype occur 
normally at the endometriala€“myometrial junction and that this 


phenotypic ambiguity is sometimes expressed by spindle cell 
neoplasms of the uterine corpus (218 ). Some uterine smooth 
muscle cells have been shown to express some classes of keratins 
(219 ,220 ,221 ,222 ). The immunohistochemical profile of 
myometrial cells is presented in Table 41.5. 


Pregnancy-Related Changes 


To accommodate the growing fetus and to prepare for its role in 
fetal expulsion, the uterus undergoes a 10-fold increase in size and 
weight during pregnancy both by hypertrophy and, to a much lesser 
extent, by hyperplasia. Normal mitotic figures are often increased 
and may be present in large numbers. Uterine growth during 
pregnancy appears to be largely promoted by estradiol, whereas 
progesterone probably functions to inhibit uterine contractions 
during gestation. The light microscopic appearance of the 
hypertrophied uterine smooth muscle cells of pregnancy is 
distinctive. They are enlarged and have abundant, rather glassy 
cytoplasm and vesicular elongate nuclei with occasionally prominent 
nucleoli. Changes occur in the ultrastructural appearance of the 
smooth muscle cells as well. In addition to an increase in size and 
the number of myofilaments, there is a striking increase in the 
number of gap junctions (223 ,224 ). These establish the contact 
between cells required for the coordinated uterine contractions that 
expel the term infant (225 ). These myometrial changes are closely 
coordinated with the dramatic structural changes of cervical 
a€ceripeninga€* required for cervical effacement (see section 
a€ceUterine Cervix a€* ). In the postpartum period, the uterus 
undergoes an extraordinary 85% reduction in weight within 3 weeks 
of delivery (25 ). This weight loss is primarily due to a reduction in 
individual cell volume rather than a reduction in cell number. In 
addition, a large amount of collagen is degraded over this brief 
period. Complete return of the uterus to the nulliparous weight does 
not occur if gestation has proceeded beyond the second trimester. 


The Fallopian Tube 


Histology of the Fallopian Tube 


The fallopian tube is lined by a nonstratified epithelium that is 

separated from the endosalpingeal stroma by a basement 

membrane. Each of the tubal segments is lined by a mixture of 

three basic cell types: ciliated cells, secretory cells, and intercalated 

(peg) cells (Figures 41.46A, B and 41.47 ). In recent years it has 

become apparent that the peg cell is, in reality, a stage in the cyclic 

variation during the menstrual cycle of the secretory cell (226 ). 

The relative number of these cells differs in each of the anatomic 
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regions of the tube. In addition, many investigators believe that the 

numbers of the three types of cells within each of these anatomic 

regions undergo regular variations throughout the menstrual cycle 

(227 ,228 ,229 ,230 ,231 ,232 ). Ciliated cells are most prominent 

at the ovarian (distal) end of the tubeda€”particularly in the fimbrial 

mucosaa€”and predominate during midcycle; their numbers diminish 

progressively to achieve a nadir at the time of menstruation (Figure 

41.47 ). In a gestational cycle the number of cilia continue to 

decrease. Ciliary movement rather than muscular contractions is 

chiefly responsible for the movement of the egg toward the site of 

fertilization: the ampulloisthmic junction. 


a€oeGlands within glandsa€* can occur from trauma of D&C 
(telescoping) and tangential cutting 

Endometrial hyperplasia: rolled up carpet effect may simulate the 
architectural complexity of hyperplasia or carcinoma 

This artifact is usually only focal and often at the periphery or 
otherwise normal fragments of functionalis. Check that epithelium is 
identical to architecturally normal glands in the sample. 


Strips of normal surface epithelium 

Commonly seen with atrophic endometrium 

Endometrial/ hyperplasia/ carcinoma : rolled up carpet effect 
may simulate the architectural complexity of hyperplasia or 
carcinoma 

In contrast to hyperplasia and carcinoma, the rolled up atrophic 
endometrium is cytologically bland and mitotically inactive. 
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Lower uterine segment 

Dating problem: the glands respond weakly at best to hormones 
and the stroma is often fibrous 

Look for mucinous epithelial component. Unless the sample is 
inadequate for dating the endometrium, there will be other 
fragments around with an appearance more typical of functionalis. 


Normal basalis 

Dating problem: the glands respond weakly at best to hormones 
and the stroma is inactive 

When assigning a morphologic date to an endometrial fragment, use 
only glands in close approximation to surface epithelium 


Ciliated cells 

Adenocarcinoma: intraepithelial ciliated cells have rounded pear- 
Shaped contours and open, rounded nuclei with nucleoli 

Look for cilia. 

Endometria containing ciliated cells have a polymorphous 
appearance; the cytologic features are uniform within each 
subpopulation of cells. 

268 

Foam cells 

Endometritis: foam cells are commonly encountered in 
hypoestrogenic settings and are thought to be one differentiated 
form of endometrial stromal cells 


Look for plasma cells to establish the diagnosis of chronic 
endometritis. Macrophages (xanthoma cells) with foamy cytoplasm 
may occur in the endometrium as a component of a chronic 
inflammatory process. Commonly seen as a reaction to a foreign 
body or to keratin (e.g., in setting of proliferations shedding 
keratin). 
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Arias-Stella reaction 

Adenocarcinoma: particularly clear cell carcinoma 

Clear cell carcinoma is most frequently encountered in 
postmenopausal women. 

Arias-Stella reaction usually does not feature mitotic figures, which 
are almost always easily found in clear cell carcinoma. A more 
difficult problem is distinguishing clear cell carcinoma from Arias- 
Stella reaction in a postmenopausal woman who is taking 
progestational medication. 
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Implantation site 

Gestational trophoblastic disease: early gestations may mimic 
choriocarcinoma. The often bizarre shapes of trophoblastic cells may 
raise the possibility of choriocarcinoma a molar gestation, or PSTT 
Clinical history to establish time course of gestation 

Insistence on a bilaminar pattern of cytotrophoblast alternating with 
syncytiotrophoblast for choriocarcinoma, villi are not present in 
choriocarcinoma PSTT features. 


Clinically relevant endometritis: a mixed 
plasmacytica€“lymphocytic infiltrate is a normal finding at the 
implantation site 

Clinically relevant gestational endomyometritis can occur but only 
rarely is diagnosed initially on endometrial samplings. The vast 
majority of cases of a€cechronic endometritisa€* seen in practice 
represent a clinically insignificant a€cephysiologica€* finding. 


Irregular endometriala€“myometrial junction 

Adenomyosis: glands and stroma surrounded by smooth muscle 
Associated smooth muscle hypertrophy is a common feature of 
adenomyosis and not irregular junctions. Superficial myometrial 
location of suspected foci favors irregular junctions. 
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Myoinvasive adenocarcinoma: the irregular junction, when 
expanded by hyperplasia or carcinoma, often simulates myoinvasive 
carcinoma Tangential sectioning often reinforces this impression 
Absence of stromal host response that is usual in myoinvasive 
carcinoma. Presence of endometrial stroma or normal glands means 
irregular junction (or adenomyosis). 


Menstrual endometrium 

Adenocarcinoma: a€cecytologic atypiaa€* produced by 
degenerating, poorly preserved glandular elements 

Endometrial stromal neoplasm: degenerating stroma may 
produce a pattern resembling endometrial stromal sarcoma with or 
without sex cord elements 

Obtain history; menstrual fragments have degenerating, not 
neoplastic, nuclei. 


Lymphoid nodules 

Endometritis 

The presence of scattered lymphoid nodules does not correlate with 
Significant clinical disease Large numbers of lymphoid nodules and 
germinal centers are usually associated with the conventional sine 
qua non of a€oechronic endometritis,a€* the plasma cell. 


Stromal a€cegranulocytesa€ e 

Acute or chronic endometritis 

a€ceStromal granulocytesa€* are a normal feature of the late 
secretory endometrium and serve as one of the original Noyes 
dating criteria. In the fullness of time it has been established that 


these a€oegranulocytesa€* are uterine NK cells (see text). 
Clinically significant inflammation (of the type encountered in 
patients with established salpingitis) features the presence of easily 
found plasma cells and usually is accompanied by acute 
inflammation and necrosis of the surface epithelium. 

Not infrequently, endometrial stromal cells or normal lymphoid 
constituents may have somewhat eccentric nuclei and amphophilic 
cytoplasm that mimics that of a plasma cell. This is usually a 
problem with one or two scattered cells in a fragment. Plasma cells 
have to be easily found before they amount to anything clinically. 
129 ,270 ,271 ,272 ,273 

Nuclear ground glass appearance of nuclei of epithelial cells in 
gestational setting and with progestogen therapy 

Herpes endometritis 

Herpes endometritis is rare; obtain history. 

Immunohistochemistry may be helpful. 

175 


Diagnostic Suggestions for 
Findings Confusion Resolution References 


Table 41.4 Normal Findings in the Endometrium that have 
Relevance to Histopathologic Differential Diagnosis (see 
text for Additional Differential Diagnostic Clues) 


Secretory cells are most prominent toward the uterine end of the 
tube and undergo cyclic changes in cell height and appearance, 
reflecting their elaboration, accumulation, and discharge of oviduct 
secretions as the menstrual cycle proceeds. Most often they have 
ovoid, somewhat dense nuclei, and they may contain an apical 
vacuole (Figure 41.48A, B ). The oviduct fluid secreted by these 
cells serves many important functions and has been the subject of a 
review (233 ). 


Intercalated cells have been thought to represent either effete 


secretory cells or some type of reserve cells. They have a thin 
dense nucleus and little cytoplasm. Endocrine cells have been noted 
in the fallopian tube; their function is as mysterious here as it is in 
the uterus (234 ). The da€oebasal cellsad€* reported in the early 
literature have been shown to be lymphocytes, which may represent 
a tubal component of a mucosa-associated lymphoid system (235 
,236 ,237 ,238 ,239 ). Scattered lymphocytes and occasional 
lymphoid follicles should be considered to be within normal limits 
and constitute part of the mucosa-associated lymphoid system (240 


). 


Cillogenesis is promoted by estradiol and deciliation by 
progesterone. Prolonged exposure to progestogens (whether 
endogenously as in pregnancy or exogenously) or withdrawal of 
estrogen (as in the postmenopausal years) leads to epithelial 
atrophy. Postmenopausal estrogen administration leads to regrowth 
of cilia. 


Mitotic figures are rarely seen in the fallopian tube epithelium, so no 
cyclic regeneration occurs as in the endometrium. Both the 
transmission and scanning electron microscopic appearance of the 
normal tubal mucosa have been extensively documented over the 
past two decades. 


Of interest to the diagnostic pathologist are the abnormalities of 
ciliogenesis found in patients with Kartagener's syndrome (241 ,242 


). 
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Light microscopy 

Architectural features 

Haphazardly arranged cells resembling normal proliferative phase 
endometrial stromal cells 

Cells arranged in looping intersecting fascicles 

Rounded or polygonal cells with moderate amount of cytoplasm 
Biphasic pattern 


Stromal component (featuring cellular endometrial stroma or 
fibroblastic stroma) + Epithelioid component 

{a€¢ Trabecular epithelial pattern or 

a€¢ nests or 

a€¢ insular pattern or 

a€¢ Sertoli-like tubular pattern or 

a€¢ glands} 

Complex plexiform vascular pattern 

Vascular component not complex 

Foci of neoplasm often exhibit standard smooth muscle features 
When the entire neoplasm has this biphasic appearance the term 
a€ceuterine tumor resembling ovarian sex cord tumorsa€* has been 
used 

When the change is focal within what is otherwise an endometrial 
stromal neoplasm (either stromal nodule or endometrial stromal 
sarcoma) the endometrial stromal diagnosis is supplemented with 
a€cewith epithelioid or glandular areasa€e 

Hyalin sometimes abundant with a tendency to be glassy 


Cytological features 

Nucleus 

Blunt, round-to-fusiform, uniform, bland 
Elongate, cigar-shaped 

Round, crumpled 

Small, round and regular nuclei 


e Minimal nuclear pleomorphism 
e Only rare mitotic figures 


Cytoplasm 

Scanty on H&E and trichrome) 

Moderate amount (on H&E and trichrome), typically fibrillar 
Cytoplasm may be clear around the nucleus, clear at the periphery 


of the cell, or entirely clear 

Scanty cytoplasm, or may have abundant eosinophilic or foamy 
(lipid-rich) | cytoplasm 

Immunohisto-chemistry 

Normal endometrial stromal cells express CD10 and may express 
desmin; they are negative for cytokeratin and EMA. 

Uterine smooth muscle cells express desmin and caldesmon. They 
also express CD10 (approximately 40%), CD34 (about a third), 
keratin (about 20%), and EMA (roughly half). 

AE1 is positive in 40% of cases, desmin is positive in 80%, and 
CD34 in 10%. 

Epithelioid areas are: 


e Muscle specific actin (HHF-35) positive 
e Vimentin positive 
e Cytokeratin positive 


Immunohisto-chemistry References 
274 ,275 ,276 ,277 ,278 ,279 

219 ,222 ,276 ,277 i; 

277 ,283 

284 ,285 ,286 ,287 


Endometrial 


Stroma 
with 
Usual Epithelioid Epithelioid 
Endometrial Smooth Smooth and/ or 
Stromal Muscle Muscle Glandular 
Technique Cells Cells Cells Areas 


Table 41.5 Comparison of Differentiated Features for 
Endometrial Stromal Cells and Smooth Muscle Cells 
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Figure 41.46 A . andB . Ampulla of the fallopian tube. Note the 
long slender plicae or folds resting on the muscularis. 


Figure 41.47 This high-power photomicrograph of tubal epithelium 
shows numerous ciliated cells with a compressed secretory cell 
nucleus above the level of the ciliated cells. The cell with clear 
cytoplasm is probably a lymphocyte. 


Figure 41.48 A . andB . In this area the tubal epithelial cells are 
crowded, a pattern that is common in the fallopian tube when 
ciliated cells are not numerous. 
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With the advent of genetic testing for BRCA-1 and BRCA-2 gene 
mutations, prophylactic salpingo-oophorectomies are being 
performed. Although there are no inherent morphological changes in 
the epithelium of a fallopian tube from a woman who harbors a 
BRCA-1 or BRCA-2 gene mutation, she is at an increased risk of 
having an in situ or invasive carcinoma. Therefore, in this setting 
the entire fallopian tube should be submitted for histological 
evaluation and scrutinized for occult malignancy (243 ,244 ). 


Myosalpinx 

The myosalpinx is composed of an inner circular layer and an outer 
longitudinal layer. The isthmus near the uterotubal junction also 
possesses an inner longitudinal layer. The presence of the muscular 
layer can be particularly helpful to the pathologist when trying to 
distinguish a tubo-ovarian complex from an ovarian serous 
neoplasm. 


Physiology 


The details of the physiology of the tube are beyond the scope of 


this chapter; interested readers are referred to published reviews 
(229 ,245 ). Unresolved mysteries include how the sperm moves so 
rapidly from the vagina to the ampulla (in some cases within 5 
minutes) and how the tube manages to orchestrate fertilization by 
ensuring that spermatozoa moving toward the ovary and an egg 
moving away from the ovary meet in the appropriate part of the 
fallopian tube. 


Fallopian Tube in Pregnancy 


The fallopian tube has already played its part when the fertilized 
ovum implants in the endometrium. It is now inactive throughout 
the gestational period. A muted version of endometrial decidual 
change often occurs in the endosalpingeal stroma during the latter 
part of pregnancy, while the epithelium of the fallopian tube 
undergoes atrophy (246 ) (Figure 41.49 ). The fallopian tube is the 
most common site of ectopic gestation. A review of physiologic 
factors in its development has been presented (247 ). Morphologic 
changes in the fallopian tube can be produced by birth control pills 
and of course tubal ligation (248 ,249 ,250 ). 


Normal findings in the fallopian tubes that have relevance to 
histopathologic diagnosis can be found in Table 41.6. 


Paraovarian and Paratubal Structures 


The broad ligament and environs are populated by a variety of 
tubular and cystic structures with the propensity to form clinically or 
Surgically noticeable cysts (38 ,251 ). These are indicated in Figure 
41.50 . Many are lined by mA“llerian-type epithelium. Walthard 
rests are universal findings over the serosal surface of the fallopian 
tubes. They are lined by transitional-type epithelium. A more or less 
constant finding in sections that include the peritubal soft tissue are 
the tortuous remnants of the mesonephric ducts. These are lined by 
cuboidal epithelium and possess a fibromyovascular cuff. 


Figure 41.49 Fallopian tube containing decidual cells (upper left). 
The stromal cells of the plicae frequently undergo decidual change 
during pregnancy. 


Supplemental Readings 


A chronicle of the changing concepts of the uterus through the ages 
is provided by Ramsey (10 ), and a fascinating discussion of the role 
of preconceptions in filtering the a€cefactsa€* of uterine anatomy is 
provided by Laqueur (252 ). There has been interesting speculation 
on the evolutionary purposes of menstruation (253 ,254 ). 


Several textbooks of gynecological pathology provide coverage of 
normal uterine and fallopian tube anatomy and the differential 
diagnostic issues raised by departures from typical appearances. 


Fox H, Wells M, eds. Haines and Taylor Obstetrical and 
Gynaecological Pathology . 5th ed. Edinburgh, Scotland: Churchill 
Livingstone; 2003. 


Robboy S, Anderson M, Russell P. Pathology of the Female 
Reproductive Tract. New York: Churchill Livingstone; 2001. 


Kurman RJ, ed. Blaustein's Pathology of the Female Genital Tract. 
5th ed. New York: Springer-Verlag; 2002. 


Several extensive treatises on reproductive endocrinology have 
been published or revised in recent years: 


Strauss JF Ill, Barbieri RL. Yen and Jaffe's Reproductive 
Endocrinology: Physiology, Pathophysiology, and Clinical 
Management . 5th ed. Philadelphia: Elsevier Saunders; 2004. 


Speroff L, Fritz MA, eds. Clinical Gynecologic Endocrinology and 
Infertility . 7th ed. Philadelphia: Lippincott Williams & Wilkins; 
2004. 
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Decidual reaction (usually encountered in postpartum tubal ligation 
specimens but may also be seen in the tubes of patients on 
progestational agents) 

Do not misinterpret as carcinoma 

Nuclei are bland in decidua 

246 ,250 

Endosalpingiosis 

Distinguish from endometriosis and ovarian serous tumor of low 
malignant potential (borderline tumors) 

Look for endometrial stroma to confirm diagnosis of endometriosis; 
look for complex papillae with micropapillae to confirm diagnosis of 
serous LMP. 


Crowded cells and dense nuclei 

Carcinoma in situ 

Carcinoma in situ features prominent nucleoli and abnormal mitotic 
figures. Nuclear atypia and glandular complexity can be significant 
in chronic salpingitis. 


Mucinous and eosinophilic metaplasia (may be associated with 
Peutz-Jeghers syndrome) 

Carcinoma 

Metaplasia lacks the architectural complexity, the nuclear atypia, 
and the mitotic activity of carcinoma. 


288 ,289 

Squamous metaplasia 

Walthard cell rests 

Carcinoma 

Metaplasia lacks the architectural complexity, the nuclear atypia, 
and the mitotic activity of carcinoma. 


Diagnostic Suggestions for References 
Finding Confusion Resolution when Relevant 


Table 41.6 Normal Findings in the Uterine (Fallopian) Tube 

and Uterine Serosa that have Relevance to Histopathologic 

Differential Diagnosis (see text for Additional Differential 
Diagnostic Clues) 


Figure 41.50 Topography of various cysts encountered in the 
female internal genitalia. 1, Paraovarian cyst of paramesonephric 
origin (type I); 2, hydatid cyst of Morgagni (paramesonephric 
origin); 3, subserosal mAYllerian cyst (paramesonephric origin); 4, 
paraovarian cyst of mesonephric origin (type II); 5, Kobelt's cyst 
(appendix vesiculosa); 6, cyst of the paroophoron; 7, duct cyst; 8, 


cyst of the rete ovarii. Reprinted with permission from: 
Janovski N, Paramanandhan T. Ovarian Tumors, Tumors and Tumor- 
like Conditions of the Ovaries, Fallopian Tubes and Ligaments of the 
Uterus. Philadelphia: WB Saunders; 1973:191a€“194. 
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Adashi EY, Rock JA, Rosenwaks Z, eds. Reproductive Endocrinology, 
Surgery, and Technology. Philadelphia: Lippincott-Raven; 1996. 


Ferin M, Jewelewicz R, Warren M. The Menstrual Cycle: Physiology, 
Reproductive Disorders, and Infertility. New York: Oxford University 
Press; 1993. 


Two monographs devoted exclusively to the biology of the uterus 
are listed as follows: 


Chard T, Grudzinskas JG, eds. The Uterus. New York: Cambridge 
University Press; 1994. 


Wynn RM, Jollie WP, eds. Biology of the Uterus. 2nd ed. New York: 
Plenum Medical Book Company; 1989. 


More general treatments of the territory surveyed in this chapter 
with more emphasis on basic science issues and less emphasis on 
practical surgical pathology diagnostics are listed as follows. 


Uterine Cervix 


Wright TC, Ferenczy A. Anatomy and histology of the cervix. In: 
Kurman RJ, ed. Blaustein's Pathology of the Female Genital Tract. 
5th ed. New York: Springer-Verlag; 2002:207-224. 


Singer A, Chow C. Anatomy of the cervix and physiological changes 
in cervical epithelium. In: Fox H, Wells M, eds. Haines and Taylor 
Obstetrical and Gynaecological Pathology. 5th ed. Vol 1. New York: 
Churchill Livingstone; 2003:247a€“272. 


Uterine Endometrium and Myometrium 


Buckley CH. Normal endometrium and non-proliferative conditions of 
the endometrium. In: Fox H, Wells M, eds. Haines and Taylor 
Obstetrical and Gynaecological Pathology . 5th ed. New York: 
Churchill Livingstone; 2003:391a€“441. 


Giudice LC, Ferenczy A. The endometrial cycle: morphological and 
biochemical events. In: Adashi EY, Rock JA, Rosenwaks Z, eds. 
Reproductive Endocrinology, Surgery, and Technology. Vol 1. 
Philadelphia: Lippincott-Raven; 1996: 271a€“300. 


Mutter GL, Ferenczy A. Anatomy and histology of the uterine corpus. 
In: Kurman RJ, ed. Blaustein's Pathology of the Female Genital 
Tract. 5th ed. New York: Springer-Verlag; 2002:383a€“420. 


Warren M, Li T, Klentzeris D. Cell biology of the endometrium: 
histology, cell types and menstrual changes. In: Chard T, 
Grudzinskas J, eds. The Uterus. New York: Cambridge University 
Press; 1994: 944€"125. 


Normal Gestational Findings 


Shih I-M, Mazur MT, Kurman RJ. Gestational trophoblastic disease 
and related lesions. In: Kurman RJ, ed. Blaustein's Pathology of the 
Female Genital Tract . New York: Springer-Verlag; 
2002:1193a€“1250. 


Fallopian Tube 


Brenner RM, Slayden OD. The fallopian tube cycle. In: Adashi EY, 
Rock JA, Rosenwaks Z, eds. Reproductive Endocrinology, Surgery, 
and Technology . Vol 1. Philadelphia: Lippincott-Raven; 

1996: 326a€"“339. 


HonorA© L. Pathology of the fallopian tube and broad ligament. In: 
Fox H, Wells M, eds. Haines and Taylor Obstetrical and 
Gynaecological Pathology . 5th ed. New York: Churchill Livingstone; 


2003:585a€“634. 


Wheeler JE. Diseases of the fallopian tube. In: Kurman RJ, ed. 
Blaustein's Pathology of the Female Genital Tract . 5th ed. New 
York: Springer-Verlag; 2002:617a€“648. 
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Ovary 


Philip B. Clement 


Embryology 


Approximately 5 weeks after fertilization, a thickening of the 
coelomic epithelium (mesothelium) along the medial and ventral 
borders of the mesonephros leads to the formation of the genital 
ridge. The gonadal anlage forms as a result of continued proliferation 
of this epithelium and the subjacent mesenchyme (1). 
Simultaneously, primordial germ cells migrate to the gonad from the 
yolk sac endoderm, reaching the genital ridge during the fifth and 
sixth weeks of embryonic life (2). These cells (oogonia) undergo 
mitotic activity and become most numerous at mid-gestation; two- 
thirds of them will undergo atresia by term (1,3). At 12 to 15 weeks' 
gestation, the oogonia begin meiosis and arrest in meiotic prophase, 
and are now referred to as primary oocytes (3,4,5). 


At two months, the primitive gonad is recognizable as an ovary 
because, in contrast to the testis, it has remained basically 
unaltered. At 7 to 9 weeks' gestation, the outer zone of the ovary 
has enlarged to form the definitive cortex, which consists of 
confluent sheets of primitive germ cells admixed haphazardly with a 
smaller number of smaller pregranulosa cells (4,6). At 12 to 15 
weeks, vascular connective tissue septa begin to radiate from the 
medullary mesenchyme into the inner portion of the cortex, and 


extend into the superficial part of the cortex by 20 weeks (5,6). The 
cortex thereby 
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becomes divided into cellular groups composed of oocytes and 
pregranulosa cells (sex cords). Simultaneously, the pregranulosa 
cells begin to surround individual germ cells to form primordial 
follicles. Folliculogenesis begins in the inner part of the cortex at 14 
to 20 weeks' gestation (2,3,5,7), and gradually extends to the outer 
cortex by the early neonatal period (8). The occasional follicles that 
mature into preantral and antral follicles in late gestation become 
surrounded by a condensation of mesenchymal cells that become the 
theca interna (4,7). The rete ovarii is present in the hilus as early as 
12 weeks (5). 


The origin of the gonadal sex cords (pregranulosa cells in the ovary 
and Sertoli cells in the testis) is controversial. Some investigators 
(2,4,8,9) believe that they are derived from the coelomic epithelium, 
while others (10) favor an origin from the a€cemesenchyme.a€e Still 
others (11,12) believe that the gonadal blastema is too 
undifferentiated to classify as either epithelial or mesenchymal. More 
recent observations indicate that the sex cords are likely of 
mesonephric origin (13,14,15,16). Satoh (14) found that although 
rudimentary cord-like structures arise from coelomic epithelial cells, 
they disappear before contributing to the formation of the definitive 
sex cords, which are derived from cells that originate from the 
mesonephros. 


Gross Anatomy 


The ovaries are paired pelvic organs that lie on either side of the 
uterus close to the lateral pelvic wall, behind the broad ligament and 
anterior to the rectum. Each ovary is attached along its anterior 
(hilar) margin to the posterior aspect of the broad ligament by a 
double fold of peritoneum, the mesovarium; at its medial pole to the 
ipsilateral uterine cornu by the ovarian (or utero-ovarian) ligament; 


and from the superior aspect of its lateral pole to the lateral pelvic 
wall by the infundibulopelvic (or suspensory) ligament. The location 
of the ovary posterior to the broad ligament and a similar 
relationship of the ovarian ligament to the ipsilateral uterine 
(fallopian) tube aids in the determination of the laterality of a 
Salpingo-oophorectomy specimen. 


Prepubertal Ovaries 


The ovary in the newborn is a tan, elongated, and flattened structure 
that lies above the true pelvis. It sometimes has a lobulated 
appearance with irregular edges (Figure 42.1A). It has approximate 
dimensions of 1.3 cm by 0.5 cm by 0.3 cm, and a weight of less than 
0.3 gm (17,18,19). Throughout infancy and childhood, the ovary 
enlarges, increases in weight 30-fold, and changes in shape, so that 
by the time of puberty it has reached the size, weight, and shape of 
the adult ovary, and lies within the true pelvis (18,19). Inspection of 
the external and cut surfaces, particularly during the first few 
months of life and at puberty, may reveal prominent cystic follicles 
(20) similar to those seen in polycystic ovary disease (Figure 42.1B). 


Adult Ovaries 


Adult ovaries are ovoid with dimensions of approximately 3.0 to 5 cm 
by 1.5 to 3.0 cm by .6 to 1.5 cm, and a weight of 5 to 8 gm. Their 
size and weight, however, vary considerably depending on their 
content of follicular derivatives. They have a pink-white exterior, 
which in early reproductive life is usually smooth (Figure 42.1C), but 
thereafter becomes increasingly convoluted. Three ill-defined zones 
are discernible on the cut surface: an outer cortex, an inner medulla, 
and the hilus. Follicular structures (cystic follicles, yellow corpora 
lutea, white corpora albicantia) are typically visible in the cortex and 
medulla. 


Postmenopausal Ovaries 


After the menopause, the ovaries typically shrink to approximately 
one half their size in the reproductive era (21). Their size varies 
considerably, however, with the number of ovarian stromal cells and 
unresorbed corpora albicantia (22). Most postmenopausal ovaries 
have a shrunken, gyriform, external appearance (Figure 42.1D), 
while some are more smooth and uniform. They have a firm 
consistency and a predominantly solid, pale cut surface, although 
occasional cysts measuring several millimeters in diameter (inclusion 
cysts) may be discernible within the cortex. Small white scars 
(corpora albicantia) are typically present within the medulla. Thick- 
walled blood vessels may be appreciable within the medulla and the 
hilus. 


Blood Supply 


The ovarian artery, a branch of the aorta, courses along the 
infundibulopelvic ligament and the mesovarial border of the ovary 
where it anastomoses with the ovarian branch of the uterine artery. 
Approximately ten arterial branches from this arcade penetrate the 
ovarian hilus, becoming markedly coiled and branched as they course 
through the medulla (23). These helicine arteries possess 
longitudinal ridges of intimal smooth muscle along their length. At 
the corticomedullary junction, the medullary arteries and arterioles 
form a plexus from which smaller, straight cortical arterioles arise 
and penetrate the cortex in a radial fashion, perpendicular to the 
ovarian surface. The cortical arterioles branch and anastomose 
several times, forming sets of interconnected vascular arcades (23). 
These arcades give rise to capillaries that form dense networks 
within the theca layers of the ovarian follicles. The intraovarian veins 
accompany the arteries, becoming large and tortuous in the medulla 
and forming a hilar plexus that drains into the ovarian veins; the 
latter traverse the mesovarium and course 

P.1065 


along the infundibulopelvic ligament (23). The ovarian veins also 
anastomose with tributaries of the uterine veins. The left and right 
Ovarian veins drain into the left renal vein and the inferior vena cava 
respectively. 


Figure 42.1 Gross appearance of ovary. A. Newborn, external 
aspect. B. Pubertal (age 15 years), sectioned surface. Note 
elongate shape and multiple cystic follicles. C. Adult (age 30), 
external aspect. D. Postmenopausal, external aspect. Note 
shrunken, gyriform appearance. 


In postmenopausal women, the medullary blood vessels may appear 
particularly numerous and closely packed (Figure 42.2) and should 
not be mistaken for a hemangioma on microscopic examination. In 
addition, many of the same vessels may be calcified or have 
thickened walls and narrowed lumina due to medial deposition of a 
hyaline, amyloid-like material. 


Lymphatics 

The lymphatics of the ovary originate predominantly within the theca 
layers of the follicles. The granulosa layer of a maturing follicle is 
devoid of lymphatics in contrast to its counterpart within the corpus 
luteum, which possesses a rich supply of lymphatics (24). The 
lymphatics pass through the ovarian stroma, independent of blood 
vessels, to drain into larger trunks that form a plexus at the hilus. 
Within the hilus, the lymphatics and blood vessels converge, with the 
former coiled around veins in a helicoid fashion. Four to eight 
efferent channels pass into the mesovarium where they converge to 
form the subovarian plexus, which, in turn, is joined by branches 


from the uterine (fallopian) tube and uterine fundus (24). Leaving 
the plexus, the drainage trunks diminish in number and size, passing 
along the free border of the infundibulopelvic ligament enmeshed 
with the ovarian veins. From there they accompany the ovarian 
vessels, juxtaposed to the psoas muscle, and drain into the upper 
para-aortic lymph nodes at the level of the lower pole of the kidney 
(24,25). The major lymphatic drainage of the ovary is therefore in a 
cephalad direction toward the para-aortic nodes. Accessory channels, 
however, 

P.1066 
may bypass the subovarian plexus, passing through the broad 
ligament to the internal iliac, external iliac, and interaortic lymph 
nodes, or in some females, via the round ligament to the iliac and 
inguinal lymph nodes (24,25). When the pelvic and para-aortic lymph 
nodes are extensively replaced by tumor, retrograde lymphatic flow 
may represent a rare mechanism of tumor spread to the ovaries. 


Figure 42.2 Numerous crowded thick-walled blood vessels within 
ovarian medulla of postmenopausal woman. Some of the vessels 
have an eosinophilic amyloid-like material within their walls. 


Nerve Supply 


The nerve supply of the ovary arises from a sympathetic plexus that 
is enmeshed with the ovarian vessels in the infundibulopelvic 
ligament (26). Nerve fibers, which are predominantly nonmyelinated, 
accompany the ovarian artery, entering the ovary at the hilus. 
Delicate terminal fibers, many surrounding small arteries and 
arterioles, penetrate the medulla and cortex to terminate as plexuses 
surrounding the follicles (26,27). Adrenergic nerve fibers and 
terminals are in close contact with smooth muscle cells in the cortical 
stroma and theca externa. The physiological significance of ovarian 
sympathetic innervation is not clear, although it has been suggested 
that it may play a role in follicular maturation, follicular rupture, or 
both (26,28,29). In addition, catecholamines can stimulate 
progesterone production by the ovarian follicles and androgen 
production by the ovarian stroma in vitro (30). 


Surface Epithelium 


Histology 


The surface epithelium of the ovary consists of a single, focally 
pseudostratified layer of modified peritoneal cells. The cells vary 
from flat to cuboidal to columnar and several types may be seen in 
different areas of the same ovary (Figure 42.3). The surface cells are 
separated from the underlying stroma by a distinct basement 
membrane. This epithelium is extremely fragile and is almost always 
denuded in oophorectomy specimens because of undesirable rubbing 


of the surface by the surgeon and the pathologist, as well as lack of 
prompt fixation resulting in drying. Preserved epithelium is often 
confined to areas protected by surface adhesions or lining sulci. 


Histochemical studies have demonstrated glycogen, as well as acid 
and neutral mucopolysaccharides, within surface epithelial cells 
(31,32). Seventeen-beta hydroxysteroid dehydrogenase activity, 
absent in extraovarian mesothelial cells, also has been demonstrated 
(31). The surface epithelial cells are immunoreactive for cytokeratin, 
Ber-EP4, Wilms' tumor gene (WT1), calretinin, desmoplakin, 
vimentin, transforming growth factor alpha, Î+v/Î23 integrin (and its 
ligand vitronectin), Î+- and {2-catenins, and receptors for estrogen, 
progesterone, follicle stimulating hormone, and epidermal growth 
factor (33,34,35,36,37,38,39,40,41,42,43,44,45,46). 
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Figure 42.3 Ovarian surface epithelium composed of a single 
layer of columnar cells. 


Figure 42.4 Epithelial inclusion glands within ovarian cortex. 
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Epithelial inclusion glands (EIGs) arise from cortical invaginations of 
the surface epithelium that have lost their connection with the 
surface. They often become cystic, resulting in epithelial inclusion 
cysts (EICs), which may be recognized on macroscopic examination; 
a diameter of 1 cm has been suggested as a dividing line between an 


EIC and the smallest cystadenoma. ElGs have been identified on 
microscopic examination of ovaries from all age groups, including 
fetuses, infants, and adolescents (47,48). Inclusion glands and cysts 
(EIGCs) become more numerous with age, and are common 
incidental findings in late reproductive and postmenopausal age 
groups. They are typically multiple, scattered singly or in small 
clusters throughout the superficial cortex (Figure 42.4); less 
commonly, extension into the deeper cortical or medullary stroma 
may occur. EIGCs are typically lined by a single layer of ciliated 
tubal-type columnar cells; psammoma bodies within their lumina or 
the adjacent stroma are occasionally present. Similar glands, with or 
without associated psammoma bodies, encountered on the ovarian 
surface, within periovarian adhesions, and on the extraovarian 
peritoneum and omentum, are designated a€ceendosalpingiosisa€» 
(49). Less frequently, EIGCs may be lined by other mA‘llerian 
epithelia (endometrioid, mucinous), or nonspecific columnar or 
flattened cells (50,51). ElGCs are probably the site of origin of most 
cystic surface epithelial tumors (52). One study (53) found that 
EIGCs were more common in ovaries contralateral to a unilateral 
ovarian carcinoma and that they more often were lined by serous 
epithelium than in age-matched control patients without ovarian 
carcinoma. Dysplastic changes also have been described within EIGCs 
(52,54). 


The histogenetic relationship between the ovarian surface epithelium, 
EIGCs, and tumors of epithelial type is reflected by the presence of 
markers associated with ovarian epithelial tumors within the normal 
surface epithelial cells and/or the cells lining ElGs. These have 
included WT1, E-cadherin, p53, CA 125, CA 19-9, CEA, hCG, MH99, 
placental lactogen, alpha-2 glycoprotein, beta-1 glycoprotein, 
placental alkaline phosphatase, human milk fat globule protein, and 
Î+v/Î23  integrin/vitronectin (55,56,57,58,59,60,61,62,63). 
Hyperplasia and metaplasia of the surface epithelium, and of that 
within ElGs, are more common in women with polycystic ovarian 
disease and endometrial carcinoma (64), Suggesting a possible 


hormonal basis in some cases. 


Urothelial differentiation is also within the metaplastic potential of 
the ovarian surface epithelium and pelvic peritoneum. Such 
differentiation typically takes the form of Walthard nests of 
transitional cells, a common microscopic finding within the serosa or 
the immediately subjacent stroma of the uterine (fallopian) tube, 
mesosalpinx, and mesovarium, or less commonly, the ovarian hilus 
(Figure 42.5) (65,66,67,68). The larger nests frequently become 
cystic and may be lined by columnar mucinous cells. Brenner tumors 
are also characterized by urothelial differentiation; 
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as many as one-half of those encountered by the pathologist are of 
microscopic size. 


Figure 42.5 Walthard nest within ovarian hilus abutting 
medullary stroma. 


Figure 42.6 Hyperplastic mesothelial cells on ovarian surface. 
Note admixed inflammatory cells. 


Hyperplastic mesothelial cells, usually a response to chronic pelvic 
inflammation, may involve the surface of the ovary and focally 
replace the ovarian surface epithelium. Florid examples exhibiting 
tubulopapillary (Figure 42.6) and pseudoinfiltrative patterns, as well 
as varying degrees of nuclear atypia, must be distinguished from a 


malignant mesothelioma or a primary ovarian or metastatic 
carcinoma. 


Ultrastructure 


The ultrastructural appearance of the ovarian surface epithelium is 
similar to that of the extraovarian peritoneum (69,70,71). The cell 
surfaces by scanning and transmission electron microscopy have 
dome-shaped apices covered by numerous, often branching, 
microvilli, occasional single cilia, and pinocytotic vesicles (Figure 
42.7). The cytoplasm contains abundant polysomes, free ribosomes, 
abundant mitochondria, and bundles of intermediate filaments and 
tonofilaments. Lipid droplets are sometimes present in the basal 
cytoplasm. The nuclei have indented nuclear membranes and 
peripheral nucleoli. Straight or convoluted lateral plasma membranes 
are reinforced by luminal junctional complexes, scattered 
desmosomes, and desmosomal-tonofilament complexes. The 
membranes may be widely separated in areas creating dilated 
intercellular spaces (70). A well-developed basal lamina separates 
the surface epithelium from the underlying stroma. 


Figure 42.7 Electron micrograph of ovarian surface epithelium. 
The cells have numerous microvilli (Mv) and well-developed 
organelles in a perinuclear location. The nuclei have indented 
membranes and peripheral nucleoli. The lateral plasma 
membranes are reinforced by luminal junctional complexes and 
scattered desmosomes, but are occasionally widely separated 
producing dilated intercellular spaces. A well-defined basal 
lamina (BL) separates the cells from the underlying stroma 
(original magnification x6400). Inset: the surface microvilli are 
associated with micropinocytotic vesicles (short arrows) and 
occasional single cilia (long arrows). Note Golgi complex (G) 
(original magnification x22,000). Reprinted with permission 
from: 

Ferenczy A, Richart RM. Female Reproductive System: Dynamics 
of Scan and Transmission Electron Microscopy. New York: John 
Wiley & Sons; 1974. 
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Stroma 

Histology 

As the cortical and medullary stroma is continuous and similar in 
appearance, the boundary between these two zones is ill defined and 


arbitrary. The spindle-shaped stromal cells, which have scanty 
cytoplasm, are typically arranged in whorls or a storiform pattern 
(Figure 42.8). Fine cytoplasmic lipid droplets may be appreciable 
with special stains, especially in the late reproductive and 
postmenopausal age groups (72). Immunohistochemical stains reveal 
cytoplasmic vimentin, actin, and desmin (33,35,36,73,74). Stromal 
cells are separated by a dense reticulum network (Figure 42.8 inset) 
and a variable amount of collagen that is most abundant in the 
Superficial cortex. Although the latter is frequently referred to as the 
tunica albuginea, it lacks the densely collagenous, almost acellular 
appearance and sharp delineation of the tunica albuginea of the 
testis. 


A variety of other cells may be found within the ovarian stroma, most 
of which are probably derived from the cells of fibroblastic type. 
Luteinized stromal cells, which lie in the stroma at a distance from 
the follicles, are found singly or in small nests, most often in the 
medulla. They are polygonal cells with abundant eosinophilic to clear 
cytoplasm containing variable amounts of lipid, a central round 
nucleus, and a prominent nucleolus (Figure 42.9). These cells are 
typically immunoreactive for inhibin (75,76,77,78,79), calretinin 
(46,80), melan-A (81), CD10 (82), and occasionally, testosterone 
(83). The numbers of luteinized stromal cells increase during 
pregnancy and after the menopause; they are probably secondary to 
elevated levels of circulating gonadotropins during these periods 
(22,72). In one autopsy study, luteinized stromal cells were 
demonstrated after diligent searching in 13% of women under the 


age of 55 and in one-third of women over that age; the frequency of 
their detection increased with increasing degrees of stromal 
proliferation (22). More exhaustive sampling might indicate that 
luteinized stromal cells are a normal finding in the ovary, particularly 
in later life. In this age group, the presence of luteinized cells is not 
usually associated with clinical evidence of a hormonal disturbance. 
In some older women, but more often in younger patients, however, 
more striking degrees of stromal luteinization (stromal 

hyperthecosis) are frequently associated with androgenic and 
estrogenic manifestations. Occasionally in such cases, nodules of 
luteinized stromal cells may be appreciable on low-power microscopic 
examination (nodular hyperthecosis). 


Figure 42.8 Ovarian stroma composed of whorls of plump 
spindle cells of fibroblastic type. Inset: note dense reticulum 


network (reticulin stain). 
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Figure 42.9 Luteinized stromal cells. 


Enzymatically active stromal cells (EASC) are characterized by their 
oxidative and other enzymatic activity (72,84,85,86). The frequency 
of their detection and their numbers increase with age, occurring in 
over 80% of postmenopausal women, typically in the medulla 
(84,85). Some EASC correspond to luteinized stromal cells, but most 
cannot be distinguished from neighboring, nonreactive stromal cells 
in routine histologic preparations (84). 


Figure 42.10 A nest of decidual cells within the ovarian stroma. 
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Decidual cells may occur singly, as small nodules, or as confluent 
sheets within the stroma of the superficial cortex or within 
periovarian adhesions (Figure 42.10). The appearance of the decidual 
cells is usually identical to eutopic decidua, but occasional examples 
may exhibit cytological atypia potentially mimicking metastatic 
carcinoma on histological examination (87,88,89,90,91,92). A 
network of capillaries and a sprinkling of lymphocytes are typically 
present within the decidual foci. A decidual reaction within the ovary 
is almost always a response of the ovarian stromal cells to elevated 
circulating or local levels of progesterone; progesterone receptors 
have been identified in the ovarian stromal cells (37). The process is 


seen most commonly in pregnancy, occurring as early as the ninth 
week of gestation, and by term is present in virtually all ovaries. 
Less commonly it may occur in association with trophoblastic 
disease, in patients treated with progestins, in the vicinity of a 
corpus luteum, or in association with hormonally active, hyperplastic 
or neoplastic ovarian lesions (22,87,89). Prior pelvic irradiation may 
be a predisposing factor by increasing the sensitivity of the stromal 
cells to hormonal stimulation (89). Foci of ovarian decidua have been 
occasionally described in both pre- and postmenopausal women with 
no obvious cause (22,89). 


Foci of smooth muscle may be seen within the ovarian stroma (Figure 
42.11), most commonly within perimenopausal or postmenopausal 
women (93). The smooth muscle is bilateral in about 25% of cases 
and usually is confined to a few microscopic fields. It is often 
associated with other findings in the ovary, occurring with the 
hyperplastic ovarian stroma associated with stromal hyperthecosis or 
sclerocystic ovaries (94), and within the stroma surrounding 
nonneoplastic and neoplastic cysts, including endometriotic cysts. 
Rare endometriotic cysts may contain prominent amounts of smooth 
muscle (a€ceendomyometriosisa€* ) (95). One study (93) found that 
almost 90% of women with ovarian smooth muscle metaplasia had 
uterine leiomyomas. 


Nests of cells resembling endometrial stromal cells (a€cestromal 
endometriosisa€* ) occur within the ovarian stroma, usually in the 
absence of typical endometriosis (Figure 42.12) (96,97). Foci of 
mature fat cells may be encountered as an incidental histological 
finding within the subcapsular ovarian stroma (98,99); a possible 
association with obesity was noted in one study (99). Reinke-crystal- 
containing Leydig cells, presumably representing transformed stromal 
cells, may occur rarely, and are typically associated with stromal 
hyperthecosis or within the nonneoplastic stroma in or adjacent to an 
Ovarian neoplasm (100,101,102). So-called a€ceneuroendocrined€» 
or a€ceAPUDa€* type cells have been demonstrated within the 
Ovarian stroma in approximately 6% of normal women in one study 


(103). The cells occur in small groups in the corticomedullary stromal 
junction and are argyrophilic and argentaffinic. 


Their clinical 
significance and hormonal function, 


if any, is unknown, but it has 
been suggested that they may represent the cell of origin of rare 


primary ovarian carcinoid tumors not associated with teratomatous 
or mucinous elements. 


Figure 42.11 Smooth muscle cells within ovarian stroma. 


Figure 42.12 Focus of endometrial stromal cells (a€oestromal 
endometriosisa€* ) within ovarian cortex. 
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Aging Changes 

Although there is typically a gradual increase in its volume from the 
fourth to the seventh decades (21,104), the ovarian stroma in 
postmenopausal women exhibits a wide spectrum of appearances 
(22,70,88). At one extreme, there is stromal atrophy manifested by a 
thin cortex and minimal amounts of medullary stroma (Figure 42.13). 
At the other extreme, there is marked stromal proliferation 
warranting the designation â€œstromal hyperplasiad€* . Most 
postmenopausal subjects, however, exhibit varying degrees of 


nodular or diffuse proliferation of the cortical and medullary stromal 
cells that lie between these two extremes (Figure 42.14) (22,85), 
making the a€oenormala€* appearance difficult to define. Broad 
irregular areas of cortical fibrosis may be encountered in peri- and 
postmenopausal ovaries (22). When well-circumscribed, these foci 
resemble a small fibroma, but this designation is applied to lesions 1 
cm or greater in diameter. A similar size limit could be used to 
distinguish between the foci of surface stromal papillarity commonly 
encountered in this age group (Figure 42.15) and serous surface 
papillomas. Cortical a€cegranulomasa€* are common incidental 
microscopic findings in the late reproductive and postmenopausal age 
groups, having been demonstrated in up to 45% of women over the 
age of 40 (22,96,97,105,106,107). They consist of spherical 
circumscribed aggregates of epithelioid cells, lymphocytes, and 
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occasionally, multinucleated giant cells and anisotropic fat crystals 
(Figure 42.16). Cortical granulomas and the spherical, cloud-like, 
hyalin scars (Figure 42.17) present within the superficial cortical 
stroma of almost all postmenopausal ovaries are of uncertain 
histogenesis. It has been suggested that they may represent 
regressed foci of stromal endometriosis, ectopic decidua, or 
luteinized stromal cells. 


Figure 42.13 Atrophic postmenopausal ovary. The cortex is thin 
and multiple corpora albicantia are present within the medullla. 


Figure 42.14 Postmenopausal ovary with a moderate degree of 
stromal proliferation. 


Figure 42.15 Papillary stromal projections from ovarian surface. 


Ultrastructure 


Typical ovarian stromal cells have slender spindle-shaped nuclei and 
complex cytoplasmic processes (70,85). Their scant cytoplasm is rich 
in organelles required for collagen synthesis, including free 
ribosomes and mitochondria. Tropocollagen, concentrated at the 
periphery of the cytoplasm, is deposited in the extracellular space 
and eventually converted to collagen (Figure 42.18). Rows of 
micropinocytotic vesicles occur along the plasma membrane and 
desmosome-like attachments may be found between the cells (85). 
Luteinized stromal cells have abundant cytoplasm-containing lipid 


droplets and steroidogenic organelles, including smooth endoplasmic 
reticulum, mitochondria with tubular cristae, and Golgi 
(70,85,86,108). Some cells have ultrastructural features that are 
intermediate between those of fibroblasts and luteinized cells 
(70,85). Argyrophilic stromal cells have 300 to 750 nm, electron- 
dense, membrane-bound, cytoplasmic granules (103). 


Figure 42.16 Cortical granuloma. 


42.17 Hyalin scar. 


Figure 


Figure 42.18 Electron micrograph of ovarian stromal cells. The 
cells are fibroblastic in type. C: collagen fibers; Mf: 
tropocollagen; R: free ribosomes; Li: lipid inclusions; upper 
arrow, perinuclear clustering of mitochondria (original 
magnification x3000). 
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Hormonal Aspects 


Numerous studies have demonstrated the steroidogenic potential and 
the gonadotropin-responsiveness of the ovarian stroma in both pre- 
and postmenopausal women 
(109,110,111,112,113,114,115,116,117,118,119,120,121). In vitro 
incubation of ovarian stromal tissue indicates that its principal 
steroid product is androstenedione, in addition to smaller quantities 
of testosterone and dehydroepiandrosterone (122). In vitro 
production of androgens is enhanced by human chorionic 


gonadotropin (hCG), pituitary gonadotropins, and insulin, consistent 
with the presence of receptors for these hormones within the stromal 
cells (83,86,123). To what extent the ovarian stroma contributes to 
the androgen pool in normal premenopausal women is unknown, but 
it is likely that it is the source of small amounts of testosterone. With 
cessation of follicular activity at the time of the menopause, the 
ovarian stroma becomes, together with the adrenal glands, the major 
source of androgens. Testosterone and androstenedione are the 
major androgens secreted by the ovarian stroma in postmenopausal 
women (109,110,111,113,121), and in vitro and in vivo studies have 
shown that ovaries with stromal hyperplasia secrete more 
androstenedione, estrone, and estradiol than normal ovaries 
(114,116). Approximately 80% of the circulating androstenedione in 
postmenopausal women, however, is of adrenal origin (110). Despite 
a cessation of follicular synthesis of estradiol (E2) in postmenopausal 
subjects, small amounts of this hormone are present in the 
circulation (probably derived from the adrenal glands) by peripheral 
conversion of estrone (110,124), and from the ovarian stroma itself 
(109,111,125). Estrone, however, becomes the major circulating 
estrogen after the menopause, derived predominantly from the 
peripheral aromatization of androstenedione that occurs in fat, 
muscle, liver, kidney, brain, and adrenals (110,125,126). Increased 
aromatization in postmenopausal women, likely due to high 
endogenous LH levels in these subjects, leads to a two-fold increase 
in the daily production rate of estrone compared to that in 
premenopausal women; aromatization is also higher in obese 
subjects. In some postmenopausal women, sufficient estrogen is 
elaborated by this mechanism to prevent the clinical manifestations 
of estrogen withdrawal and to play a role in the genesis of 
endometrial carcinoma (104,110). An association between the degree 
of stromal proliferation and postmenopausal endometrial 
adenocarcinoma has been noted (104), and the ovarian stroma in 
postmenopausal women with endometrial adenocarcinoma produces 
more androgens in vitro than that of control subjects without 


endometrial cancer (127). The variations that exist in the ovarian 
steroid hormone output from one postmenopausal woman to another 
may correspond to similar variations in the morphologic appearance 
of the stroma in this age group, although no correlative functional 
and structural studies have been performed. 
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Primordial Follicles 


Histology 


The approximately 400,000 primordial follicles present at the time of 
birth fill the ovarian cortex (Figure 42.19). After this period, their 
numbers decrease progressively through the processes of atresia and 
folliculogenesis until their eventual disappearance that marks the end 
of the menopause. However, rare follicles may persist for several 
years after the cessation of menses, accounting for sporadic 
ovulation and occasional episodes of postmenopausal bleeding (128). 
In the reproductive era, primordial follicles are found scattered 
irregularly in clusters throughout a narrow band in the superficial 
cortex. They consist of a primary oocyte, measuring 40 to 70 Aum in 
diameter, surrounded by a single layer of flattened, mitotically 
inactive, granulosa cells resting on a thin basal lamina (Figure 
42.20). Rare primordial (and maturing) follicles may contain multiple 
oocytes, particularly in individuals who are less than 20 years of age 
(19,129,130,131). The oocyte is arrested at the dictyate stage of 
meiotic prophase at the time of birth, enters an interphase period 
until follicular maturation prior to ovulation, or undergoes 
degeneration during atresia (132). The large spherical nucleus of the 
oocyte has finely granular, uniformly dispersed chromatin and one or 
more dense, thread-like nucleoli (132); rare oocytes may have 
multiple nuclei (130,131). The cytoplasm of the oocyte contains a 
paranuclear, eosinophilic, crescent-shaped zone consisting of a 
complex of interrelated organelles, so-called Balbiani's vitelline body 


(BVB) (133,134). Within the vitelline body is a dark spot (the 
centrosome) surrounded by a halo, which in turn is flanked by 
darker, PAS-positive, granular zones rich in mitochondria (133,14). 
The cytoplasm of the oocyte lacks the abundant glycogen and the 
high alkaline phosphatase activity characteristic of the primordial 
germ cells and the oogonia of the embryonic gonad. 


Figure 42.19 Newborn ovary. Multiple primordial follicles fill the 
Ovarian cortex. 


Figure 42.20 Primordial follicles (four at top of figure) and 
primary follicles (three at bottom of figure). 


Ultrastructure 


The granulosa cells of the primordial follicle have sparse organelles, 
occasional desmosomal attachments with each other, and 
microvillous projections that attach to the oocyte by tight apposition 
(70). Within the oocyte, the juxtanuclear centrosome of the BVB 
(Figure 42.21A) consists of dense granules, closely packed vesicles, 
and dense fibers that form a basket-like structure at the periphery of 
the centrosome (Figure 42.21B) (133,134). The centrosome is 
surrounded by a zone of smooth endoplasmic reticulum (ER) that 


represents the halo seen by light microscopy. More peripheral and 
constituting the rest of the BVB are a concentration of most of the 
oocyte's organelles, including multiple Golgi complexes, prominent 
compound aggregates, 
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numerous mitochondria intimately associated with sparsely granular 
ER, and annulate lamellae (Figure 42.21B) (133,134). The latter 
structures, which may be attached or immediately adjacent to the 
nucleus or free within the BVB, are constantly present in primary 
oocytes and other rapidly growing embryonal or neoplastic cells. 
They are arranged in stacks or concentric arrangements of up to 100 
parallel, smooth, paired membranes that delineate greatly flattened 
cisternal spaces, 30 to 50 Aum wide. At regularly spaced intervals, 
the paired membranes of each lamellar unit become fused with one 
another (132). When the lamellae are sectioned along a tangential 
plane, the sites of apposition of the membranes are seen as regularly 
Spaced annuli 100 nm in diameter. At their periphery they are 
connected to the granular ER (133). The paired membranes of the 
annulate lamellae mimic the two leaflets of the nuclear membrane, 
and it is likely that they are formed from its outer leaflet 
(70,132,133). Their function is not known with certainty, but it has 
been suggested that they may have a role in nucleocytoplasmic 
exchange of substances related to metabolic activity or the transfer 
of genetic information (70,133). 


Figure 42.21 Electron micrograph of a primordial follicle. A. 
Balbiani's vitelline body consists of a juxtanuclear centrosome 
(CS) surrounded by a condensation of mitochondria, Golgi 
complexes, endoplasmic reticulum, and lysosomes (original 
magnification. x2400). B. Detailed view of Balbiani's vitelline 
body. A cluster of closely packed spiral fibrils (arrow) is attached 
to the nuclear envelope (NM). The centrosome (CS) is composed 
of dense granules, some arranged periodically on fine fibers, and 
Small vesicles, with a peripheral zone of endoplasmic reticulum 
and dense fibers. Surrounding the centrosome are masses of 
mitochondria (Mi) and compound aggregates (CA). A stack of 
annulate lamellae (AL) is seen tangentially. Note the prominent 
endoplasmic reticulum in close association with multiple Golgi 
complexes at the periphery of the vitelline body. Reprinted with 
permission from: 

Hertig AT. The primary human oocyte: some observations on the 
fine structure of Balbiani's vitelline body and the origin of the 
annulate lamellae. Am J Anat 1968;122:107a€“137. 


In some oocytes, Golgi, ER, and mitochondria may also be found 
outside the vitelline body, closely applied to the entire circumference 
of the nucleus (133). Similarly, microtubules present throughout the 
oocyte cytoplasm are most prevalent around the circumference of the 
nuclear membrane. Bundles of spiral filaments occasionally abut the 
nuclear membrane (Figure 42.21B) or are seen in the more 

peripheral cytoplasm (134). A variety of different vacuoles may also 
be seen in the peripheral cytoplasm, some containing multiple small 
vesicles (133). 


Maturing Follicles 
Histology and Ultrastructure 


Folliculogenesis 


Folliculogenesis refers to the continuous process occurring 
throughout reproductive life whereby cohorts of primordial follicles 
undergo maturation during each menstrual cycle. Follicular 
maturation begins during the luteal phase and continues throughout 
the follicular phase of the next cycle. Each month only one such 
follicle, the preovulatory (or dominant) follicle, achieves complete 
maturation, culminating in the release of the oocyte (ovulation). The 
other follicles that have begun the maturational process undergo 
atresia at earlier stages of their development. Folliculogenesis and 
atresia also occur prenatally, throughout childhood and during 
pregnancy, although maturing follicles rarely reach the preovulatory 
follicle stage during these periods 
(19,135,136,137,138,139,140,141,142,143). 
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Figure 42.22 Preantral follicle. Several layers of granulosa cells 
surround the oocyte. A theca interna layer is not yet apparent. 


The first morphological evidence of follicular maturation is the 
assumption of a cuboidal to columnar shape of the granulosa cells 
accompanied by enlargement of the oocyte (primary follicle) (Figure 
42.20). Mitotic activity in the granulosa cells results in their 
Stratification and three to five concentric layers around the oocyte 
(secondary or preantral follicle) (Figure 42.22). At this stage an 
eosinophilic, PAS-positive, homogeneous, acellular layer, known as 
the zona pellucida, appears, encasing the oocyte. Its formation is 
usually attributed to the granulosa cells, but the oocyte may also 
play a role. At the end of its development, the zona pellucida is a 20 


to 25 Aum thick membrane rich in acid mucopolysaccharides and 
glycoprotein (Figures 42.22,42.23,42.24,42.25) (70). Preantral 
follicles measure from 50 to 
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400 Âum in diameter, and as they increase in size, they migrate into 
the deeper cortex and medulla. Simultaneously, the surrounding 
ovarian stromal cells become specialized into several layers of theca 
interna cells and an outer, ill-defined layer of theca externa cells. 
Secretion of mucopolysaccharide-rich fluid by the granulosa cells 
results in their separation by fluid-filled clefts that eventually 
coalesce to form a single large cavity or antrum lined by several 
layers of granulosa cells (tertiary, antral, or vesicular follicle). The 
first evidence of antrum formation occurs in follicles that are 200 to 
400 Âum in diameter, after which the follicles progressively enlarge 
due to continued fluid secretion into the antrum. Concurrently, the 
oocyte enlarges to its definitive size and assumes an eccentric 
position at one pole of the follicle. At this site the granulosa cells 
proliferate to form the cumulus oophorus which, containing the 
oocyte in its center, protrudes into the antrum (mature or Graafian 
follicle) (Figure 42.23). 


42.23 Mature follicle. Oocyte within cumulus oophorus 


Figure 


developed. 


projects into antrum. The theca layers are well 


Figure 42.24 A. Mature follicle, high power view. The granulosa 
layer, which contains several Call-Exner bodies, abuts the zona 
pellucida of the oocyte. The granulosa layer is surrounded by a 
layer of luteinized theca interna cells. Note mitotic figures in 
granulosa and theca cells. B. There is a reticulum network in the 
theca interna layer, but an absence of reticulin in the granulosa 
layer. 


Ovulation 


During each cycle, only a small number of mature follicles (<4 per 
ovary) reach a diameter of 4 to 5 mm by the mid-to late luteal 
phase; one of them will become the preovulatory follicle of the 
subsequent cycle (144,145). Late in follicular growth, the oocyte, its 
Surrounding zona pellucida, and a single layer of radially-disposed, 
columnar granulosa cells (the corona radiata) detach from the 
cumulus oophorus and float in the antral fluid. The preovulatory 
follicle, shortly before ovulation, reaches a diameter of 15 to 25 mm 
(28,145) and partially protrudes from the ovarian surface at the 
eventual rupture point, or stigma. Here the overlying surface 


epithelial cells exhibit progressive flattening, degeneration, and 
desquamation. The stroma in this area becomes attenuated and 
almost avascular, with degeneration of the stromal cells, 
fragmentation of collagen fibers, and an accumulation of intercellular 
fluid (28). These surface epithelial and stromal changes that 
immediately precede ovulation may be secondary to local ischemia 
and the release of proteolytic enzymes and prostaglandins into the 
stroma. The preovulatory follicle then ruptures, possibly secondary to 
the contraction of the perifollicular smooth muscle cells, with 
liberation of the follicular fluid and oocyte (with its surrounding 
layers) into the peritoneal cavity. Following ovulation, the stigma is 
occluded by a mass of coagulated follicular fluid, fibrin, blood, 
granulosa and connective tissue cells; it is eventually converted to 
scar tissue. 


Shortly before ovulation, the oocyte within the ovulatory follicle 
enters telophase of the first meiotic division. Chromosomal reduction 
occurs by migration of one-half the oocyte chromosomes into a 
portion of the oocyte cytoplasm that separates from the cell as the 
first polar body. The first meiotic division begun in fetal life is now 
complete, and the oocyte is now designated the secondary oocyte. 
Immediately after expulsion of the first polar body, the secondary 
oocyte enters the second meiotic division, arresting at metaphase 
until fertilization occurs. 


Granulosa Layer 


Granulosa cells are almost entirely formed from their embryonic 
precursors by the time of birth (19). Those within maturing and 
mature follicles are polyhedral cells 5 to 7 Aum in diameter; the cells 
resting on the basement membrane are often columnar. The 
granulosa cells have pale, scanty cytoplasm, indistinct cell borders, 
and small, round to oval, hyperchromatic nuclei that typically lack 
nuclear grooves (Figure 42.24A) (146). Mitotic figures within 
granulosa cells are usually numerous in maturing follicles, decreasing 


in numbers prior to ovulation. Until the onset of luteinization several 
hours prior to ovulation, cytoplasmic lipid is absent (or sparse) as 
are steroidogenic histochemical patterns (147,148). The cytoplasm of 
granulosa cells of primary, secondary, and mature follicles is 
immunoreactive for cytokeratin, vimentin, inhibin, CD99, melan-A, 
mAYllerian inhibiting substance, WT1, and desmoplakin 
(33,35,36,75,77,78,81). 


The granulosa cells typically surround small cavities, referred to as 
Call-Exner bodies (Figure 42.24A), which have a distinctive 
appearance, representing one of the most specific features of 
granulosa cells, both normal and neoplastic. Call-Exner bodies are 
delimited from the granulosa cells by a basal lamina, and typically 
contain a deeply eosinophilic, PAS-positive, filamentous material 
consisting of excess basal lamina (70). Unlike the theca layers, the 
granulosa layer of the maturing and Graafian follicles is avascular 
and devoid of a reticulum framework (Figure 42.24B). 


Mitochondria with lamelliform cristae, granular ER, free ribosomes, 
and Golgi gradually increase in abundance within the granulosa cells 
of maturing follicles. These ultrastructural features suggest active 
protein synthesis. Histochemical and ultrastructural features 
(abundant smooth ER and mitochondria with tubular cristae) 
indicative of steroid biosynthesis are absent until shortly before 
ovulation (72,84,147,148,149,150). The granulosa cells of follicles of 
varying stages contain adhaerens junctions, gap junctions, and 
desmosomes between adjacent granulosa cells (35,70,132). The 
slender cytoplasmic extensions of the granulosa cells of the corona 
radiata that traverse the zona pellucida have gap junctions and 
puncta adhaerentia with the plasma membrane of the oocyte (Figure 
42.25). 


Theca Layers 


In contrast to granulosa cells, theca cells differentiate continuously 
from the stromal cells at the periphery of developing follicles from 


fetal life until the end of the menopause. The thecal component of 
the antral follicle is 
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characterized by a well-developed theca interna and a less well- 
defined theca externa. The theca interna layer is three or four cells 
in thickness and lies external to the granulosa layer (Figure 42.24A) 
from which it is separated by a basement membrane. Unlike the 
granulosa cells of the developing and mature follicles, the theca 
interna cells typically have a luteinized or partially luteinized 
appearance (Figure 42.24A) and exhibit steroidogenic histochemical 
patterns (72,147,148,149). Luteinization of the theca interna of 
maturing follicles is particularly prominent during pregnancy. The 
round to polygonal cells are 12 to 20 micra in diameter and have 
abundant, eosinophilic to clear, vacuolated cytoplasm containing 
variable amounts of lipid; a central, round, vesicular nucleus 
typically contains a single, prominent nucleolus (Figure 42.24A). The 
cells differ from granulosa cells but resemble stromal cells in being 
immunoreactive for vimentin but not cytokeratin (36); theca cells are 
also immunoreactive for inhibin, calretinin, and melan-A (46,77,81). 
Mitotic figures are typically present with the theca cells of maturing 
follicles. The layer contains a rich vascular plexus consisting of 
dilated capillaries, as well as a dense reticulin network that 
surrounds each cell (Figure 42.24B). A tangential section through the 
theca interna may result in seemingly isolated nodules of luteinized 
theca cells that may occasionally be misinterpreted as foci of stromal 
luteinization. 


Figure 42.25 Maturing oocyte. Note the uniform distribution of 
the organelles and the row of dense granules in the cytoplasm 
immediately subjacent to the plasma membrane of the oocyte. A 
continuous zona pellucida (zp) surrounds the oocyte and 
separates it from the granulosa cells. Numerous cytoplasmic 
processes of the granulosa cells are visible within the zona 
pellucida. N, nucleolus. Thick section, OsO4 fixed, Epon- 
embedded, toluidine blue stain. Reprinted with permission from: 
Baca M, Zamboni L. The fine structure of the human follicular 
oocytes. J Ultrastruct Res 1967;19:354a€“381. 


The theca externa is an ill-defined layer of variable thickness that 
Surrounds the theca interna and merges almost imperceptibly with 
the adjacent ovarian stroma. It is composed of circumferentially 
arranged collagen bundles, blood and lymphatic vessels, and plump 
spindle cells that lack steroidogenic histochemical features (151). 


The spindle cells of the theca externa are typically highly mitotic and 
may be misinterpreted as fibrosarcoma, particularly when only the 
edge of the follicle is seen microscopically (Figure 42.26). 


Ultrastructural examination of theca interna cells reveals the 
organelles associated with steroidogenesis, similar to those within 
granulosa-lutein cells. The theca externa cells, 
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some of which exhibit smooth muscle differentiation, lack such 
organelles (152). 


Figure 42.26 Theca externa of mature follicle composed of 
plump spindle cells. Note mitotic figures. 


Hormonal Aspects 


The initiation of folliculogenesis and early preantral follicular 
development is independent of gonadotropin influence, whereas the 
later stages of follicular maturation are under gonadotropin control. 
As a small antral follicle develops into a preovulatory follicle, the 
sequence of endocrine events within its antral fluid differs from most, 
if not all, other antral follicles in the same ovary (153,154). The 
early stages of this development are associated with an increase in 
FSH receptors and _ intrafollicular FSH within the preovulatory follicle 
(153,154,155,156). There is a concomitant increase in estradiol (E2) 
receptors within the granulosa cells and the E2 level within the 
follicular fluid. The latter reaches peak concentration (10,000 times 
the circulating level) during the mid- to late proliferative phase when 
plasma FSH falls to a basal level. At this stage the preovulatory 
follicle is self-sustaining, continuing to mature under the influence of 
intrafollicular FSH and E2 (118). During the late proliferative phase, 
plasma LH rises and LH-receptors within the granulosa cells of the 
preovulatory follicle (but not other follicles) become apparent (156). 
In contrast, LH-receptors are present within the theca cells of all 
follicles throughout the follicular phase. Eden et al. found 
concentrations of insulin-like growth factor (IGF1) to be significantly 
higher in the follicular fluid of preovulatory follicles than their 
matched cohorts, and suggested that IGF1 may have a role in the 
selection of the dominant follicle (157). 


Whereas circulating E2 is likely derived from both the granulosa cells 
and the LH-stimulated theca cells, intrafollicular E2 is derived almost 
exclusively from the granulosa cells by both de novo synthesis and 
by FSH-dependent aromatization of theca-derived androstenedione 
(118,158). Aromatase activity is highest in the preovulatory follicle, 
thereby maintaining a high E2:androstenedione ratio (153,154,159). 
In contrast, follicles that will undergo atresia are FSH- and 
aromatase-deficient and have high androstenedione:E2 ratios within 
their intrafollicular fluid. High circulating estrogen levels initiate a 


preovulatory surge of plasma LH (160,161) that induces luteinization 
of the granulosa cells, an increase in intrafollicular progesterone (P) 
concentration, and a small preovulatory rise in circulating P 
(153,154,162). The rising plasma P level and the peaking estrogen 
level further augment the LH surge, as well as initiating a smaller 
increase in FSH, triggering ovulation. The latter has been estimated 
to occur 36 to 38 hours after the onset of the LH surge, 24 to 36 
hours after the estradiol peak, and 10 to 12 hours after the LH peak 
(162). 


The ovarian follicles also produce nonsteroidal hormones. Inhibin, a 
glycoprotein synthesized by the granulosa cells, is secreted into the 
follicular fluid and ovarian venous effluent in amounts that correlate 
with steroid levels (162,163,164). Inhibin, which is predominantly 
under the control of LH (165), reduces, by negative feedback, FSH 
secretion from the hypothalamica€“pituitary unit. High concentrations 
of prorenin are present within the fluid of mature follicles (166), and 
their granulosa cells, as well as theca and stromal cells, are 
immunoreactive for renin and angiotensin II (167). The function, if 
any, of the renina€“angiotensin system within the ovary is currently 
unknown. 


Corpus Luteum of Menstruation 


Following ovulation on the fourteenth day of the typical 28-day 
menstrual cycle, and in the absence of fertilization, the collapsed 
ovulatory follicle becomes the corpus luteum of menstruation (CLM). 
When mature, the CLM is a 1.5 to 2.5 cm, round, yellow structure 
with festooned contours and a cystic center filled with a gray, focally 
hemorrhagic coagulum. 


Histology 


During the 14 days following ovulation, the CLM undergoes an 
orderly sequence of histological changes that allow an approximate 


estimation of its age. Corner has described these stages in detail, 
using endometrial histology and menstrual data to establish the age 
of the CLM (168,169). A subsequent study that correlated the 
histologic date of the CLM (using Corner's criteria) with the interval 
between the LH peak and the biopsy of the CLM, determined that the 
use of the histology of the CLM for retrospective timing of ovulation 
is subject to an error of variable magnitude due to unequal duration 
of each stage as well as considerable individual variation (170). 


In contrast to the granulosa cells of the maturing and preovulatory 
follicles, the luteinized granulosa cells of the mature CLM (granulosa- 
lutein cells) are large, 30 to 35 micra, polygonal cells with abundant, 
pale, eosinophilic cytoplasm that may contain numerous small lipid 
droplets (Figures 42.27, 42.28) (151). The spherical nucleus contains 
one or two large nucleoli. The histochemical pattern of these cells 
varies with the age of the CLM, but is generally typical of steroid 
hormone-producing cells (72,148,149,171). The cytoplasm of 
luteinized granulosa cells contains vimentin, but in contrast to 
granulosa cells of maturing and mature follicles, little or no 
cytokeratin (35). The luteinized granulosa cells are also 
immunoreactive for inhibin and calretinin (46,77). 


The theca interna forms an irregular and often interrupted layer 
several cells in thickness around the circumference of the CLM 
(Figure 42.27) and ensheathes the vascular septa that extend into its 
center (151). When these septa are cut in cross section, triangular- 
Shaped nests of theca cells appear at intervals throughout the 
granulosa layer. In all but the earliest stages of the CLM, the theca 
lutein cells are approximately half the size of granulosa-lutein cells. 
They contain a round to oval nucleus with a 
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single prominent nucleolus. Their less abundant, more darkly staining 
cytoplasm contains lipid droplets, which are usually larger than those 
in granulosa-lutein cells, and exhibits steroidogenic histochemical 
patterns (148), and immunoreactivity for inhibin, calretinin, and 
melan-A (46,77,81). 


Figure 42.27 Mature corpus luteum of menstruation. The lining 
is composed of a thick layer of large granulosa-lutein cells and 
an outer, thinner layer of smaller theca-lutein cells. The cavity 
(top of figure) contains erythrocytes and fibrin. 
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Figure 42.28 Mature corpus luteum of menstruation. K cells with 
darkly staining cytoplasm and pyknotic nuclei are interspersed 
between granulosa-lutein cells. 


A third type of cell, the so-called a€ceKa€* cell, occurs in small 
numbers within the theca interna of the mature follicle and appears 
in greater numbers within the granulosa layer of the early CLM 
(146). K cells persist until menstruation at which time they 
degenerate. They are characterized by a stellate shape, a deeply 
eosinophilic cytoplasm, and an irregular, hyperchromatic or pyknotic 
nucleus (Figure 42.28). The cytoplasm is uniformly sudanophilic due 
to the presence of phospholipid (146). K cells lack the histochemical 
patterns of steroidogenic cells and have been shown to be T- 
lymphocytes (172). 


During the maturation of the CLM, capillaries originating from the 
theca interna layer penetrate the granulosa layer and reach the 
central cavity. Fibroblasts that accompany the vessels form an 
increasingly dense reticulum network within the granulosa layer as 
well as an inner fibrous layer that lines the central cavity (Figure 
42.27) (32). 


Involutional changes begin on the eighth or ninth day following 
ovulation (168). The granulosa-lutein cells decrease in size, develop 
pyknotic nuclei, and accumulate abundant cytoplasmic lipid (Figure 
42.29). There is a 
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decrease in histochemical staining of enzymes associated with steroid 
biosynthesis and an increase in hydrolytic enzymes (149). Eventually 
the cells undergo dissolution and are phagocytosed (173). There is 
progressive fibrosis and shrinkage over a period of several months 
and eventual conversion to a corpus albicans. 


Figure 42.29 Degenerating corpus luteum of menstruation. 
Granulosa-lutein cells have pyknotic nuclei and abundant 
cytoplasmic lipid. 


Ultrastructure 


At the ultrastructural level, luteinization is characterized by a 
gradually increasing content of steroidogenic organelles, specifically 
smooth ER and abundant mitochondria with tubular cristae (Figure 
42.30) (151,173,174,175,176). The smooth ER exhibits a 
characteristic regional modification in the form of a _ folded-membrane 
complex consisting of highly-folded, radiating, tubular cisternae that 
communicate and interdigitate with adjacent cisternae (175). Well- 
developed, dispersed and perinuclear Golgi, free and bound 


ribosomes, lipid droplets, and lipofuscin pigment are also seen 
(Figure 42.30) (151,173,174,175). The cells are separated by a 
narrow space of variable width, but occasionally the outer leaflets of 
their plasma membranes become closely apposed and reinforced by 
desmosomal and pentilaminar tight junctional complexes 
(151,173,176). Nearly all the cells have a free surface that borders 
on a broad pericapillary space from which they are separated by an 
interrupted basal lamina (151). Many irregular microvillous 
cytoplasmic extensions project into these pericapillary, as well as the 
intercellular, spaces (Figure 42.30) (70,151,173,175). Occasional 
interdigitation of these microvilli between adjacent cells form 
intercellular channels (175). Underlying the microvilli is a narrow 
zone of cytoplasm filled with a network of filaments that also extend 
into the microvilli (151). 


Theca-lutein cells are similar ultrastructurally to granulosa lutein 
cells except for the presence of localized perinuclear Golgi and the 
absence of folded-membrane complexes, microvilli, and a network of 
fine filaments (151,175). The varying degrees of cell density 
appreciable on histological examination are also seen at the 
ultrastructural level and may represent a fixation artifact. The theca 
externa layer of the CLM does not differ significantly from that of the 
Graafian follicle. 


Figure 42.30 Electron micrograph of granulosa-lutein cell of a 
mature corpus luteum of menstruation. Note abundant smooth ER 
(SER), mitochondria (Mi), Golgi complex (G), rough ER (RER), 
lipid droplets (Li), and intercellular space (ICS). BL, basal 

lamina; N, nucleus of granulosa-lutein cell; Ly, lysosomes; PM, 
plasma membrane; arrows, micropinocytotic vesicle (original 
magnification x3600). Reprinted with permission from: 

Ferenczy A, Richart RM. Female Reproductive System: Dynamics 
of Scan and Transmission Electron Microscopy. New York: John 
Wiley & Sons; 1974. 


The lutein cells of the degenerating CLM exhibit disorganization and 

fragmentation of the smooth ER, alterations of the mitochondria, and 
an increase in cytolysosomes (70). Lipid droplets are increased and 

irregular in size and show increased osmiophilia (173). 


Hormonal Aspects 


The formation and function of the CLM is under the control of LH, 
reflected by the high content of LH receptors within the granulosa- 
lutein cells (156,162). Receptors for FSH (140) and growth hormone 
(158) have also been identified in the corpus luteum, although their 
roles in luteal function are unknown. Although P is the major steroid 
formed in vivo and in vitro by the CLM, it also synthesizes (both in 
vitro and in vivo) estrone and E2, as well as androgens, mostly 
androstenedione (177). 


After ovulation, LH, FSH, and E2 levels fall, but the LH concentration 
is sufficient to maintain the CLM, producing a mid-luteal peak in P 
and E2. If fertilization does not occur, the increased levels of P and 
estrogen through negative feedback result in a fall of LH and FSH to 
basal levels, a reduction in LH and FSH receptors within the CLM, and 
a marked decline in P and E2 synthesis after the 22nd day of the 
cycle (155,156,162,178,179). These changes are reflected by the 
morphological involution of the CLM and the onset of menses. 
Luteolysis appears to be estrogen related, possibly secondary to an 
estrogen-induced reduction in LH receptors or by enhancement of the 
luteolytic action 
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of prostaglandins synthesized by the CLM (162,180). A nonsteroidal 
LH-receptor-binding-inhibitor, which increases in concentration 
during the luteal phase, may also play a role (162). 


Corpus Luteum of Pregnancy 


Gross Appearance 


On gross inspection, the corpus luteum of pregnancy (CLP) may be 
indistinguishable from the CLM, but is usually larger and bright 

yellow in contrast to the orange-yellow of the late CLM (181). The 
larger size, which may account for up to half the ovarian volume, is 


due primarily to the presence of a central cystic cavity that is filled 
with fluid or a coagulum composed of fibrin and blood (91,141,182). 
The cavity size, however, can be highly variable. If the central cyst 
results in a corpus luteum that is over 3 cm in diameter, the CLP (or 
less commonly a CLM) is designated a corpus luteum cyst; if less 
than this size, a cystic corpus luteum. When the cavity of a CLP is 
large, typically in the first trimester, the wall may lose its 
convolutions, becoming stretched and attenuated to the extent that it 
may consist focally of only the inner fibrous layer. Obliteration of the 
cavity usually begins by the fifth month and is typically completed by 
term (142). The CLP thus gradually decreases in size, and by the last 
trimester, it is not a conspicuous structure. During the puerperium, 
the CLP undergoes involution and conversion to a corpus albicans. 
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Figure 42.31 Corpus luteum of pregnancy. A. Note granulosa- 


lutein cells with large irregular vacuoles and densely eosinophilic 
hyalin body. Nests of theca cells are seen at bottom left. B. Focal 
calcification within a late corpus luteum of pregnancy. 


Histology 


The CLP, in contrast to the CLM, does not mature in an orderly 
sequence that allows an estimation of its age; however, early and 
late stages are recognizable on histological examination. 


Granulosa Layer 


The first morphological evidence within the corpus luteum that 
conception has occurred is the absence of the regressive changes 
that normally appear in the CLM on the 8th or 9th days. Instead, the 
granulosa lutein cells enlarge, reaching their maximum size of 50 to 
60 Aum by 8 to 9 weeks' gestation. They assume a round or 
polyhedral shape with abundant eosinophilic cytoplasm, round to 
oval, vesicular nuclei, and one or two prominent nucleoli (142) 
(Figure 42.31A). The granulosa cells of the early CLP are 
characterized by cytoplasmic vacuoles that initially are tiny but 
eventually enlarge to occupy almost the entire cell, often with 
displacement and flattening of the nucleus (Figure 42.31A). The 
vacuoles tend to diminish in number and size as gestation 
progresses, and usually disappear after the 4th month. Fine, 
diffusely scattered, cytoplasmic lipid droplets are also commonly 
seen within the cells, particularly in early CLP. With increasing age of 
the corpus luteum, the droplets become fewer and larger (142). 


Eosinophilic colloid or hyalin droplets within the granulosa cells of a 
CLP, which can be identified as early as 15 days after ovulation, are 
almost diagnostic of pregnancy; they may occur very rarely, 
however, within a CLM (142). These inclusions initially appear as 
small, round or irregular, 
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often multiple, droplets that enlarge, possibly by fusion of smaller 
droplets into one or several large bodies that may fill the entire cell 
(Figure 42.31A). They become more numerous as gestation 
progresses (182), although by term their numbers decrease as they 
undergo calcification, which continues into the puerperium (Figure 
42.31B). It is likely that these calcified bodies eventually are 
resorbed, as they are not a feature of corpora albicantia. 


K cells identical to those within CLM are typically found in the 
granulosa layer of the early CLP. They are most numerous in the 
second, third, and fourth months of gestation after which time they 
are rarely encountered (141,142,182). 


Theca Layer 


The theca interna is thickest in the early CLP at which time it 
resembles its counterpart in the CLM, surrounding the granulose- 
lutein layer and forming triangular-shaped, vascular septa that 
extend into the latter. In the CLP, the theca cells are polyhedral or 
round and approximately one fourth the size of the granulosa-lutein 
cells (Figure 42.31A). Their cytoplasm is more darkly staining and 
granular than in the latter, and is typically not vacuolated. Their 
nuclei are central, round, and more hyperchromatic than those of the 
granulosa cells; one or two prominent nucleoli are usually present. 
The characteristic colloid inclusions seen within the granulosa cells 
are absent or very rare within the theca cells. Occasional K cells may 
be seen in early pregnancy, but in smaller numbers than in the 
granulosa layer (146,182). After the 4th month, the theca interna 
and its trabeculae become much thinner as the theca cells become 
smaller and fewer in number, with darker, more irregular, oblong to 
spindle-shaped nuclei, so that they resemble fibroblasts (182). By 
term, the theca interna layer has almost completely disappeared. 


Connective Tissue 


As in the mature CLM, the central cystic cavity is typically lined by a 
layer of fibrous tissue, composed of variable numbers of fibroblasts, 
collagen and reticulin fibers, and blood vessels (126). Its thickness is 
highly variable, not only within the same CLP, but also from one CLP 
to another and from one phase of pregnancy to another (182). As 
noted, in some CLP with large cystic cavities, the granulosa layer is 
focally absent, and its wall is formed entirely by this fibrous layer. As 
gestation advances, the central cyst or coagulum is eventually 
obliterated by connective tissue that may exhibit focal hyalinization 
and calcification (141). 


Reticulin staining reveals a pattern similar to that of the mature CLM; 
that is, a dense pattern within the theca interna and inner fibrous 
layer, and a sparser framework within the granulosa layer (142). In 
the early CLP, many, often large, vessels are present in the theca 
externa and interna, from which emanate smaller vessels that 
penetrate the granulosa and inner fibrous layers. In the late CLP, the 
vessels develop sclerotic walls with luminal narrowing or obliteration 
(142,182). The amount of connective tissue around the vessels 
increases in proportion to the decreasing vascularization and 
regression of the theca interna layer. 


Ultrastructure 


The ultrastructural appearance of the CLP is similar to that of the 
CLM, and remains intact throughout pregnancy despite a reduction in 
its metabolic activity (183,184,185). The increased cell volume of 
the granulosa cells in the CLP is reflected by increased smooth ER 
that exhibits many folded-membrane complexes. There is also an 
increase in rough ER that is localized in stacks and characteristic 
concentric whorls not usually seen in the CLM (175,184). Electron- 
dense, 150 to 200 nm, membrane-bound granules are closely 
associated with the cisternae of the rough ER. Mitochondria, 
including large spherical mitochondria not seen in the CLM, are 
typically highly variable in their size, shape, and internal structure 


(175,184). The colloid or hyalin inclusions consist of homogeneous 
electron-opaque material that may surround occasional needle- 
Shaped crystals (Figure 42.32). They typically have no relationship to 
any organelle, although occasional smaller hyalin bodies are 
surrounded by rough ER. The vacuoles seen by light microscopy are 
lined by attenuated microvilli and contain an _ electron-translucent 
material (183). Unlike the CLM, extensive bundles of microfilaments 
are typically encountered throughout the cytoplasm in most lutein 
cells, and become more prominent as pregnancy progresses 
(183,184). Collagen fibrils are encountered more frequently in the 
intercellular and perivascular spaces of the term CLP compared to the 
CLM. 


Hormonal Aspects 


Following fertilization, placental hCG stimulates P production by the 
granulosa-lutein cells. P concentration within the postovulatory 
corpus luteum increases six-fold, while the E2 level drops to 10% of 
that within the preovulatory follicle (153,154). HCG alone cannot 
maintain P secretion from the CLP for more than a few days, and the 
regulation of P secretion beyond that time is unknown. P production 
by the CLP begins to decline by the end of the second month of 
gestation with a concomitant increase of placental P production. 
However, in vivo and in vitro studies indicate that the CLP continues 
to produce P throughout the remainder of gestation, albeit in reduced 
amounts, consistent with the maintenance of its structural integrity 
until term (140,183,184,186,187). It is not known if P derived from 
the CLP has a biological role during this period or is redundant 
because of the massive P production by the placenta (177,188). 
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There is a rapid decline in function during the puerperium, reflecting 
falling hCG levels during this period. 


Figure 42.32 Hyalin bodies within a lutein cell from a corpus 
luteum of pregnancy consisting of homogeneous, electron-opaque 
material. Note needle-shaped cleft within the largest hyalin body. 
Some smaller hyalin bodies are surrounded by granular ER 
(original magnification x22,000). Reprinted with permission 
from: 

Adams EC, Hertig AT. Studies on the human corpus luteum. l. 
Observations on the ultrastructure of development and 

regression of the luteal cells during the menstrual cycle. J Cell 
Biol 1969;41:696a€“715. 


Relaxin, a polypeptide hormone, is also produced during gestation 
and the puerperium by the CLP, probably under the control of hCG 
(188,189,190,191). The concentration of relaxin in ovarian vein 
plasma during pregnancy correlates with P levels. The placenta and 
uterus have also been suggested as additional, but less important, 
sources for this hormone. Its reported actions include cervical 
dilatation and softening, inhibition of uterine contractions, and 
relaxation of the pubic symphysis and other pelvic joints 
(188,189,190,191). Immunoreactivity for renin and angiotensin Il, 
similar to that noted within the preovulatory follicle (See above), has 
been demonstrated within the CLP (167), consistent with the 
observation that prorenin, likely of ovarian origin, increases 10-fold 
in pregnant women soon after conception (166). 


Corpus Albicans 


The regressing CLM is invaded by connective tissue that gradually 
converts it to a scar, the corpus albicans. The degenerating corpus 
luteum and the young corpus albicans may contain macrophages 
laden with ceroid and hemosiderin pigment (192,193). The mature 
corpus albicans is a well-circumscribed structure with convoluted 
borders composed almost entirely of densely packed collagen fibers 
with occasional admixed fibroblasts (Figures 42.13, 42.33). Focal 
calcification and ossification may be occasionally encountered. Most 
corpora albicantia are eventually resorbed and replaced by ovarian 
stroma. Persistent corpora albicantia are typically found in the 
medulla of postmenopausal women (Figure 42.13) suggesting that 
this resorption process decelerates or terminates prior to the 
menopause. 


Atretic Follicles 


Histology 


Of the original 400,000 primordial follicles present at birth, 


approximately 400 mature to ovulation. The remaining 99.9% 
undergo atresia, a process that begins before birth and continues 
throughout reproductive life, but is most intense immediately after 
birth and during puberty and pregnancy 
(135,136,137,138,139,141,143). Factors that initiate atresia and 
determine which follicles will ultimately undergo atresia are 
unknown. The atretic process varies with the stage of follicular 
maturation that has been reached. Atresia of early follicles 
(primordial and preantral) begins with degeneration 
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of the oocyte manifested by nuclear changes (chromatin 
condensation, pyknosis, fragmentation) and cytoplasmic vacuolation. 
Degeneration of the granulosa cells soon follows and the follicle 
disappears without a trace. In contrast, atresia of follicles that have 
reached the antral stage of development is more complex and 
variable, but ultimately leads to obliterative atresia and the 
formation of a scar, the corpus fibrosum. The earliest evidence of 
this process is mitotic inactivity of the granulosa cells and a decrease 
in their numbers, manifested by thinning and focal exfoliation of the 
granulosa layer. Some follicles may persist for an indefinite period of 
time at this stage as atretic cystic follicles (Figure 42.34); those that 
exceed 3 cm are designated follicular cysts. Atretic cystic follicles 
and follicular cysts may persist for a number of years after the 
menopause (194,195). Atretic follicles are ultimately invaded by 
vascular connective tissue that eventually fills the central cavity 
(Figure 42.35). The oocyte may persist for an indefinite period of 
time but eventually degenerates. Concurrent with these changes, the 
basement membrane between the granulosa and theca interna layers 
becomes transformed into a thick, wavy, eosinophilic, hyalinized 
band, the so-called a€ceglassy membranea€* (Figures 42.35, 
42.36). The theca interna layer typically persists, often with 
prominent luteinization (Figures 42.35, 42.36), until the late stages 
of 
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atresia at which time cords and nests of theca cells become 
surrounded by proliferating connective tissue (Figure 42.36). 
Luteinization of both theca and granulosa layers is particularly 
striking in atretic follicles during infancy and childhood (196) and 
pregnancy (Figure 42.37) (142). 


Figure 42.33 Corpus albicans. 


Figure 42.34 Lining of atretic cystic follicle composed of a thin 
inner layer of small, exfoliating granulosa cells and an outer, 
luteinized theca interna layer. 


Figure 42.35 Atretic cystic follicle undergoing obliterative 
atresia. Loose connective tissue is replacing the central cavity. 
The wavy basement membrane (â€œglassy membranea€e ) is 
thickened and hyalinized. A prominent layer of luteinized theca 
interna is evident. 


Figure 42.36 Edge of follicle in late stage of obliterative atresia. 
Hyalinized fibrous tissue occupies the central cavity and extends 
into the persistent luteinized theca interna layer. 


Microscopic proliferations of persistent granulosa cells within the 
centers of atretic follicles of pregnant, and less commonly 
nonpregnant women, may mimic small granulosa cell tumors (Figure 
42.37), or rarely, Sertoli cell tumors (197). Similarly, structures 
resembling microscopic gonadoblastomas and sex cord tumors with 
annular tubules have been identified within atretic follicles in up to 
35% of normal fetuses and infants (131,198,199). There is no 
evidence to suggest that any of these tumorlike proliferations 
represent early stages of neoplasia. 


Continued shrinkage and hyalinization of an atretic follicle produces a 
serpiginous strand of hyalin tissue, the corpus fibrosum or atreticum 
(Figure 42.38). Like corpora albicantia, most corpora fibrosa are 
probably resorbed by the ovarian stroma. 


Hormonal Aspects 


In contrast to preovulatory follicles, the microenvironment of follicles 
undergoing atresia is predominantly androgenic, with high 
concentrations of intrafollicular androstenedione and low 
concentrations of FSH and E2 (17,119,153,154,200). As noted, these 
follicles are deficient in granulosa cells, and the residual granulosa 
cells do not respond to FSH in vitro (145); both FSH- and LH- 
receptors are lower than in nonatretic follicles (156). Oocytes from 
atretic follicles are unable to complete the first meiotic division 
(145). It is likely that an androgenic intrafollicular milieu is the 
major factor that halts follicular growth and initiates atresia of that 
follicle. 


Figure 42.37 Atretic follicle in pregnancy. Within the center of 
the follicle is a proliferation of persistent granulosa cells 
surrounded by luteinized theca interna cells. 


Figure 42.38 Two corpora fibrosa. 


Hilus Cells 


Histology 


Ovarian hilus cells, morphologically identical to testicular Leydig cells 
(with the exception of a female chromatin pattern), are present 
during fetal life but not during childhood. They reappear at the time 
of puberty and are demonstrable in most postmenopausal women 
(201,202,203). Their number and location can be highly variable, 
and their numbers increase during pregnancy, with increasing age 
after the menopause, and with increasing degrees of ovarian stromal 


proliferation and stromal luteinization (22). Mild hilus cell hyperplasia 
is a relatively common incidental histological finding in 
postmenopausal women (85). 


Figure 42.39 Nest of hilus cells adjacent to large vessel within 
the ovarian hilus. 
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Hilus cell aggregates of variable size and shape are typically found in 
the ovarian hilus and adjacent mesovarium (Figures 42.39, 42.40). 
They are more numerous in the lateral and medial poles of the hilus 
and near the junction of the ovarian ligament with the ovary, 
typically lying close to the junction of the hilus with the medullary 
stroma (Figure 42.40) (201). The aggregates are closely associated 


with large hilar veins and lymphatic sinusoids, and may form nodular 
protrusions into their lumina. Hilus cells characteristically ensheathe, 
or less commonly lie within, nonmedullated nerves (Figure 42.41), 
and occasionally surround the rete ovarii (201). Nests may also be 
present within the medullary stroma near the hilus, probably 
representing extensions of the hilus into the medulla. Also, as 
previously noted, cells of hilus-type may also occur rarely within the 
ovarian stroma at a distance from the hilus (stromal Leydig cells). 
Hilus cells also may be encountered rarely in the perisalpinx and 
fimbrial endosalpinx (204). 


Hilus cells nests are unencapsulated, typically lying within loose 
connective tissue, or rarely ovarian-type stroma, within the hilus 
(101). The cells are 15 to 25 micra in diameter, round to oval, less 
commonly elongate, with abundant eosinophilic cytoplasm and a 
spherical vesicular nucleus with one or two prominent nucleoli 
(Figure 42.42). The nuclei, particularly in postmenopausal 
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women, may have hyperchromatic, bizarre nuclei. Hilus cells are 
typically strongly immunoreactive for inhibin, calretinin, and melan-A 
(77,81). 


Figure 42.40 Nest of hilus cells with admixed small blood 
vessels abutting medullary stroma (top of figure). 


Figure 42.41 Perineural and intraneural hilus cells. Note fine 
brown lipochrome pigment within hilus cells. 


Figure 42.42 Hilus cells with Reinke crystals. 


Hilus cells contain specific crystals of Reinke, which are homogenous, 
eosinophilic, nonrefractile, rod-shaped structures, 10 to 35 Aum in 
length, with blunt, but occasionally tapered, ends (Figure 42.42). The 
crystals typically lie in a parallel or stacked arrangement within a 
cell, and often are surrounded by a clear halo; occasionally they 
appear to extend through or overlie cell membranes. The crystals are 
unevenly distributed and are typically present in only a minority of 
cells; frequently they cannot be identified (205). Their visualization 
may be facilitated by the use of Masson's trichrome and iron 
hematoxylin methods that stain them magenta and black 

respectively. Additionally, the crystals fluoresce yellow when H&E 
stained sections are viewed by ultraviolet light (206). Also present 


within hilus cells, often in greater numbers than crystals, are 
spherical or ellipsoidal hyalin structures that have an otherwise 
identical appearance to crystals and probably represent their 
precursors. Elongated erythrocytes compressed within capillaries 
should not be confused with crystals and crystal-precursors. The 
cytoplasm of Leydig cells may also contain perinuclear eosinophilic 
granules, peripheral lipid vacuoles, and golden-brown _ lipochrome 
pigment (Figure 42.41). Delicate collagen fibrils surround each cell. 
Typically admixed with the hilus cells are fibroblasts and cells 
intermediate in appearance between the two cell types (207). The 
hilus cells and intermediate cells have intimate attachments to 
nerves, including true synaptic connections, suggesting that hilus 
cells may originate from hilar fibroblasts, possibly under the 
inductive influence of hilar nerves (201,207). 


Hilus cells should be distinguished from adrenal cortical rests. The 
latter are extremely rare in the ovary (208), but are found in the 
mesovarium, and occasionally within the ovarian hilus, in 
approximately one-quarter of women (209). Their histologic 
appearance mimics that of the normal adrenal cortex, with most of 
the cells containing numerous lipid vacuoles. 


Ultrastructure 


Hilus cells have a steroidogenic ultrastructure consisting of 
prominent smooth endoplasmic reticulum and mitochondria with 
tubular cristae, as well as well developed Golgi, large lysosomes, and 
osmiophilic lipid inclusions (207). Reinke crystals have a true 
crystalline appearance composed of dense parallel hexagonal 
microtubules with a mean thickness of 12 nm separated by clear 
spaces 15 nm wide producing a a€cewoven fabrica€* appearance 
(Figure 42.43) (207). The crystals are typically oriented in many 
directions in the same cell. They appear to be formed by progressive 
association of precrystalline units each of which is composed of 
bundles of four or five parallel filaments (Figure 42.43). 


Typically found admixed with hilus cells are fibroblasts and cells 
intermediate in ultrastructural appearance between the two cell 
types. Hilus cells, and more commonly the intermediate cells, have 
intimate attachments to nerves in the form of simple membranous 
contacts, invaginations of axon terminals into hilus cells, or surface 
membrane thickenings resembling a true synapse (207). 


Hormonal Aspects 


The light and electron microscopic morphology and enzyme content 
of hilus cells are those of steroid hormone-producing cells, although 
to what extent hilus cells contribute to the steroid hormone pool in 
normal females is unknown (32,201). In vitro incubation studies 
indicate that the major steroid produced by ovarian hilus cells is 
androstenedione and that it is produced in amounts higher than that 
produced from ovarian stroma (210). Lesser amounts of E2 and P are 
also produced in vitro. Hilus cells are responsive in vivo to both 
exogenous and endogenous hCG stimulation, manifested by an 
increase in their numbers, cell size, and mitotic activity (202). 


Figure 42.43 Reinke crystals with hexagonal internal pattern 
(CR) formed by association of precrystalline units (arrowheads); 
ser, smooth ER (original magnification x25,000). Reprinted with 
permission from: 

Laffargue P, Benkoel L, Laffargue F, Casanova P, Chamlian A. 
Ultrastructural and enzyme histochemical study of ovarian hilar 
cells in women and their relationships with sympathetic nerves. 
Hum Pathol 1978;9:649â€“659. 


Rete Ovarii 


The rete ovarii, the ovarian analog of the rete testis, is present in 
the hilus of all ovaries. It consists of a network of irregular clefts, 
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tubules, cysts, and intraluminal papillae, lined by an epithelium that 
varies from flat to cuboidal to columnar (Figure 42.44) (211,212). 
Solid cords of similar cells may also be seen. Characteristically, the 
rete is surrounded by a cuff of spindle-cell stroma similar to, but 
discontinuous from, the ovarian stroma (Figure 42.44). 


The cytoplasm of the cells of the rete is immunoreactive for 
cytokeratin, EMA, vimentin, and desmoplakin (35,36,213). 
Ultrastructural examination has revealed two types of cells, one 
ciliated and the other nonciliated with apical microvilli (35). The 
cytoplasm contains many mitochondria, a moderate amount of rough 
ER, many free polyribosomes, and some glycogen. Numerous 
desmosomes with associated tonofilament bundles connect adjacent 
cells. The basal lamina is well defined. 


The rete juxtaposes and may communicate with mesonephric tubules 
within the mesovarium (212). Rare hilar cysts originate from the 
rete, and small tumorlike proliferations of the rete have been 
referred to as â€œrete adenomasa€* (212,214). The transitional cell 
metaplasia that has been encountered in the rete epithelium may 
account for the occasional small hilar Brenner tumors that have been 
contiguous with and possibly derived from the rete (211). 


Figure 42.44 Rete ovarii. 
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Placenta 


Steven H. Lewis 
Kurt Benirschke 


Introduction 


The placenta is problematic for the pathologist. Many normal 
histologic variations may be mistaken for pathology and 
conversely, important pathologic alterations may be difficult to 
discern. Unique in pathology, the placenta, as a specimen, 
provides data about two patients and has three different anatomic 
sources. It is fetal, yet mostly extraembryonic in its differentiation 
and has maternal attachments. The placenta may be pivotal in 
adjudicating the etiology of a€cebad babiesa€* in litigation (1 ,2 ) 
but more importantly, an objective, thorough, well-documented 
analysis can provide data important for both maternal and 
neonatal care. Acknowledging the placenta's many histologic and 
pathologic varients, its complicated derivation and its role in legal 
cases, the pathologist should become accustomed to obtaining 
information from both pediatric and obstetrical providers. The 
relevance of varients and alterations viewed by the pathologist can 
thereby be better understood. 


These complex considerations cannot be addressed without a 
thorough understanding of the placenta's normal structure, and it 
is to this end that this chapter is devoted. Pathologic entities are 


discussed to better demonstrate normal anatomy and histology. 
For more encyclopedic and complete discussions regarding 
placental pathology, the reader is directed elsewhere (1 ,2 ). It is 
easiest and most appropriate to describe (and for that matter, 
a€cereporta€* ) the principal structural components of the 
placenta in a compartmentalized manner. These consist of the 
umbilical cord, the membranes (amnion and chorion), the villous 
parenchyma, and the maternal decidual tissue. 


Routine Storage, Examination, and 
Processing 


After obstetric delivery, placentas may be stored at 4A°C in a 
refrigerator before examination. The period of time for this 
storage generally should not exceed 1 week. Placentas should not 
be frozen before evaluation as freezing renders the gross 
examination difficult and histologic features are obscured. For 
refrigeration, suitable containers include 
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cardboard buckets or styrofoam storage cups. It has been 
advocated by some to immediately fix the placenta in 10% 
buffered formalin for later examination (3 ). It should be noted 
that when this method of processing is used, placental weights 
increase by a factor of approximately 10% (4 ). 


It should be underscored that although assessment of the placenta 
is considered in the pathologist's domain, it is the obstetrical 
provider who first visualizes the specimen. An educated clinician 
may aid the pathologist by submitting it. Otherwise it becomes 
a€cediscarded.a€* Most institutions do not perform histologic 
evaluation of all placentas from all deliveries and a discarded 
placenta can be of no use when problems are associated with 
pregnancy, labor and delivery, and the neonatal period. Labor and 
delivery suites should have a list of appropriate clinical and 
pathologic entities that require pathologic examination of the 


placenta (5 ). Because of the frequent turmoil in labor and delivery 
areas and because problems may often arise in neonates within 
the first few days of life, the week of storage of all placentas is 
highly important. It is common for academic institutions to 
perform histologic examination on approximately 10% to 20% of 
all delivered placentas. 


The gross morphologic assessment of the placenta should be 
approached in a thorough, routine fashion. Our procedure for the 
gross assessment and sectioning of placentas is illustrated in Table 
43.1. 


The placenta is removed from its container and its shape is 
described. It is usually discoid, but additional lobes may be 
present. Next, it is convenient to note the location of insertion of 
the umbilical cord, describe its length and diameter, note 
irregularities in its contour and texture, describe its color, and 
note the number of vessels it contains. The cord is then amputated 
at its base, and representative sections are immersed in fixative. 


Attention is next directed to the membranes (amnion and chorion), 
which are inspected for completeness. Usually, the placenta is 
delivered vaginally with the membranes surrounding the placental 
maternal surface (a€oeSchultzea€* ). The membranes are then 
manually reflected to their normal anatomic position and the 
smallest distance from the point of rupture to the placental disk 
(the narrowest width of membranes) is measured. When this 
measurement equals zero (after vaginal delivery), a low-lying or 
marginal placenta previa is implicated. The membranes are then 
assessed for their color, transparency, sheen, and surface 
irregularities, as well as for the presence of membranous vessels 
or accessory lobes. The membranes are then removed from the 
placental disk margin, keeping track of the point of rupture. This 
point is grasped with a toothed forceps and rolled in a concentric 
fashion to produce a a€cemembrane roll.a€* With the membranes 
rolled in such a fashion, the point of rupture can be identified 


histologically. The presence of inflammatory cells confined to this 
region suggests early mild chorioamnionitis. Representative 
sections are immersed in fixative. 


The fetal surface of the placenta is next examined. Chorionic 
vascular thrombi, if present, and nodules or irregularities of the 
amnion are noted. The maternal surface of the placenta is 
inspected, and any blood clot that has settled in the storage 
container with the dependent portions of the organ is removed. 
Areas of blood clot that are adherent or discolored brown 
(indicating chronicity) and that are depressing the maternal 
surface are considered indicative of retroplacental hemorrhage 
(clinically designated as abruptio). Should this be noted, the 
dimensions or percentage of the maternal surface involvement are 
recorded. The organ is next weighed free of its cord and 
associated membranes. The average weight of the term placenta is 
approximately 400 to 600 g. Placental weight varies with neonatal 
weight and normal weights have been reviewed for all gestational 
ages (1 ). The average dimensions of the term placenta are 
approximately 18 A— 16 A— 2.3 cm. 


The villous parenchyma is then inspected by sectioning the 
placenta at 1- to 2-cm intervals looking for irregularities in the 
parenchyma that indicate infarction, thrombi, or other pathologic 
entities. There are normally 16 to 20 cotyledonous units that do 
not have distinct functional correlates. An absent cotyledon may 
indicate a portion of retained placenta in utero. Representative 
sections of abnormal areas are blocked out, and areas of normal- 
appearing parenchyma (usually three) are placed into fixative 
along with the already sectioned membrane roll and umbilical cord. 


The fixation of the materials for study is routine. We prefer to fix 
tissues in Bouin's solution for a period of 24 hours before trimming 
and submission for final processing. This process of fixation allows 
for excellent tissue penetration and ease of sectioning. In addition, 
it provides superior cytologic detail. The drawbacks to the Bouin's 


fixation are twofold. One is that if certain special studies are of 
interest (i.e., immunohistochemistry and in situ hybridization), 
Bouin's fixation may interfere with antigena€“antibody reactions or 
nucleic acid hybridization. This problem may be eliminated by 
fixing tissues desired for such studies in Bouin's solution for only a 
limited period of time. For small uterine cervix biopsies, it has 
been shown that Bouin's fixation for less than 8 hours produces 
good results with in situ hybridization (6 ). The second problem 
with Bouin's fixation is that if in the final preparation lithium 
carbonate is omitted, increased extraneous pigment formation 
occurs. 


Pathologists are accustomed to using 10% buffered formalin 
solution for the processing of most tissues, and this is not 
contraindicated in the processing of placentas. We find that when 
using formalin, the period of time required to create sufficient 
tissue hardness for proper sectioning delays processing and 
histologic resolution is somewhat inferior to that obtained with 
Bouin's fixation. It is our 
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procedure to stain tissue sections with hematoxylin and eosin 
(H&E) or hematoxylin-phloxine and saffron (HPS). Other standard 
special stains may be used for the detection of specific infectious 
agents, secretory activity, or structural composition (silver stains, 
periodic acid-Schiff (PAS), Masson's trichrome, etc.). Furthermore, 
a host of immunohistochemical stains have been used to elucidate 
functions of specific placental cell types. 


Unit No: 
Name: 


Date of Birth: 


Sex: 
Location: 


Path. No: 


Date of Delivery: 
Date Received: 
Physician: 
Baby's Unit No: 


Previous Specimens: 

SPECIMEN: Placenta 

CLINICAL INFORMATION: (Circle and fill in pertinent 
information) 

NSVD C-section 

GA: wk 


Chorioamnionitis 
Preeclampsia 
Fetal distress 


Newborn wt. grams 


Other: .2 6% 2500 8 
GROSS DESCRIPTION: 
Cord: 

A= cm 


Insertion: 


# pieces: 
Vessel #: 


Membranes: 
complete/incomplete 
Narrowest width: ___—_— cm 
clear/opaque 

Meconium: old/recent/none 


vascular thrombi: present/none 


Calcification: present/none 
Parenchyma: 
red/pale/friable 

Abruptio: — _ _ % 
Infarct: ____—_ % 

Weight: = 22220 grams 


Dimensions: 
A= = cm 


Other: 

MICROSCOPIC DESCRIPTION: (___) slides evaluated. 
DIAGNOSIS(ES): 

Umbilical cord: 

Membranes: 

Villi: 

Decidua: 


Reviewed by: 


Date Dictated: 

Date Typed: 

Print Date: 

a This format is easily converted to a computerized final report 
that includes final microscopic diagnoses. 


Table 43.1 Recording Format @ 


Umbilical Cord 


Embryology 


Specific embryologic considerations are germane to the 
understanding of the normal umbilical cord structure, including its 
frequent possession of embryologic remnants. The open region on 
the ventral surface of the developing 
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embryo diminishes in size and then forms the early umbilicus. 
Through this structure extend both the yolk stalk and the body 
stalk, as well as the allantois. This cylindrical structure elongates, 
and its surface becomes covered by the expanding amnion. This is 
a single-layered epithelium on a layer of connective tissue. 
Therefore, the developing umbilical cord contains the yolk stalk, a 
pair of vitelline blood vessels, the allantois, and the allantoic blood 
vessels (two arteries and one vein) and is covered by amnionic 
epithelium. These anatomic relationships explain the presence of 
the omphalomesenteric duct (the connection between developing 
endoderm and the yolk sac) and the allantoic duct (which has its 
communication in early gestation with the urachus) within sections 
of proximal (fetal) umbilical cord. 


Gross Morphology 


The gross anatomic features of the umbilical cord that are of 
importance are the location of its insertion in the placental disk, 
its length, and the number of vessels. The presence of true knots 
(Figure 43.1 ) may be considered normal when there is no adverse 
outcome, yet this occurrence may lead to fetal demise when the 
knot is tight. The presence of vascular tortuosities (false knots) is 
common and rarely of clinical significance (Figure 43.2 ). The 
finding of meconium staining and the presence of surface plaques 
are definitely abnormal and are described below. 


The normal umbilical cord is pearly white and somewhat 
translucent. The length of the umbilical cord has great 
Significance, principally when it is excessively long or excessively 
Short. Cord length has been shown to vary with gestational age, 
and measurements indicate that the cord elongates as gestation 
proceeds. At approximately 20 weeks' gestational age, the average 
cord length is 32 cm (7 ). The normal length of the umbilical cord 
at term has been determined to be, on average, between 55 and 
65 cm (1,7 ,8 ,9 ,10 ) (Figure 43.3 ). The literature contains 
many articles that relate the significance of abnormal cord lengths 
with both in utero fetal activity and neonatal outcome. The reader 
is referred to an extensive review of the subject (1 ). 


Figure 43.1 True knot, in this case, resulted in intrauterine fetal 
death. Reprinted with permission from: 
Benirschke K, Kaufmann P. Pathology of the Human Placenta. 3rd 
ed. New York: Springer-Verlag; 1995. 


Figure 43.2 False knot. Note the unrelated abnormal membranous 
vesselS connecting placental lobes. 


Histology 


Histologic examination of the umbilical cord shows several distinct 
layers. On the surface is a well-defined single layer of amnionic 
epithelium. The epithelium is squamoid and, in the region of fetal 
cord insertion, often becomes multilayered and closely resembles 
its epidermal contiguity. Electron microscopy studies performed on 
cord amnionic cells 
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have suggested that the epithelium is responsible for fluid 
equilibrium activities (11 ). True squamous metaplasia of the 
umbilical cord is considered a normal variant, and ultrastructural 
studies of this epithelium have shown morphologic similarities 
between this epithelium and the fetal epidermis (12 ). 
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Figure 43.3 Normal cord length dimensions associated with 
changes in gestational age. Reprinted with permission from: 
Benirschke K, Kaufmann P. Pathology of the Human Placenta. 3rd 
ed. New York: Springer-Verlag; 1995. 


Deep to the amnionic epithelium that comprises the surface of the 
cord is the substance of Wharton's jelly. This material largely is 
composed of mucopolysaccharides (hyaluronic acid and chondroitin 
sulfate). Ultrastructural examination of this material shows the 
presence of delicate interlacing microfibrils and sparse collagen. 
Mast cells are prominent. Their frequency is increased in the near 
periphery of the cord vasculature (13 ). In this same region, and 
in the cord in general, macrophages are rarely identified. 


Embedded within the substance of Wharton's jelly are the umbilical 
vessels. There have been considerable interest and discussion 
focused on the identification of vasa vasorum and vascular 
neuronal innervation. Although the vasculature of the umbilical 
cord is of a considerable caliber, there are no vasa vasorum or 
lymphatic channels present in this structure. Studies investigating 
vascular innervation have concluded that no nerves are present 
within the umbilical cord. This has been borne out by electron 
microscopic studies (14 ). Occasionally, however, autonomic 


nerves are identified using acetylcholinesterase thiocholine 
techniques in the proximal (fetal) end of the cord (15 ). Such 
findings are compatible with the persistence of peripheral vagal 
neuronal elements associated with the ductus venosus, which are 
entrapped in the proximal portion of the umbilical cord. Certainly 
any neuronal vestiges found within the umbilical cord are best 
considered as remnants, and to date there has been no 
demonstration of their functional significance (16 ). 


Since the yolk sac connects to the primitive midgut through the 
body stalk in early development, vestiges of this epithelium-lined 
duct are common in the umbilical cord. The persistence of the 
omphalomesenteric duct is characterized by a tubular structure 
present within Wharton's jelly and lined by a single layer of low 
cuboidal to columnar, mucin-secreting epithelium (Figure 
43.4Aa€“D ). Remnants of the duct may form cystic structures that 
contain a variety of endodermally-derived epithelia, including 
pancreatic, intestinal (small and large), and gastric components. 
Such findings are rarely of any clinical significance, although 
secretory products of gastric origin resulted in umbilical vascular 
ulceration, hemorrhage, and fetal death in a case report described 
by Blanc and Allan (17 ). 


The allantois differentiates as a protuberance from the yolk sac 
into the body stalk and is essential for the development of the 
umbilical vessels. This structure is incorporated into the anterior 
aspect of the hindgut, where it communicates with the urachus. 
Remnants of the allantoic duct are often found in sections of 
proximal umbilical cords. Its intimate relationship with the 
formation of umbilical vessels explains its presence between the 
two umbilical arteries, when it is identified. These remnants rarely 
have clinical significance. The lining of this tract is often devoid of 
a lumen and consists of aggregates of epithelial cells with a 
variety of epithelia represented (transitional, bladder, and yolk 
saca€“derived endodermally classified cells) (Figure 43.5 ). 


The vasculature of the umbilical cord is composed of two arteries 
and a single vein. The arteries possess no internal elastic lamina 
and have a double-layered muscular wall. Each of these muscular 
layers is composed of a network of interlacing smooth muscle 
bundles. The vein does have an inner elastic lamina. As noted, no 
vasa vasorum are present. Remnants of the vitelline vasculature in 
the proximal portion of the cord sometimes may be observed in 
sections taken from this region. The umbilical vein, which 
generally has a larger diameter, possesses a thinner muscular coat 
consisting of a single layer of circular smooth muscle (Figure 
43.6A, B). 


Of further interest, distinguishing umbilical vasculature from other 
systemic vessels, is that no true vascular adventitia is found. Near 
the placental insertion, it is common to identify anastomotic 

channels between the two umbilical arteries (18 ,19 ) (Figure 43.7 
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Transverse serial sections confirm that two umbilical arteries spiral 
in parallel around the umbilical vein. Often, multiple twists in the 
cord occur. The proposed origin of this spiraling has been 
extensively discussed; however, its true functional significance 
and origin remain to be definitively elucidated (1 ). 


Pathologic Alterations 


Distinguishing normal anatomy from pathologic entities is the 
essence of proper understanding of the normal anatomy and 
histology of the umbilical cord. Most pathology of the cord may be 
seen in the gross sense. Histology is confirmatory. A tight knot 
with notching indicating stricture associated with proximal vascular 
dilatation may result in fetal death. Interestingly, although true 
knots occur frequently and are associated with long cords, adverse 
outcomes are rare events; therefore, in most instances a true knot 
can be considered a normal variant. The absence of an umbilical 
artery is a well-established observation and easy to identify 


grossly or in histologic sections (Figure 43.8 ). This phenomenon 
has been found in approximately 1% of neonates. The association 
of this finding with congenital anomalies is well known, and these 
malformations often take the form of urinary tract malformations. 


Persistence of a second (right) umbilical vein is an unusual 
phenomenon. The pathologist is cautioned in this regard. It is not 
unusual to find histologic sections identifying more than three 
vessels in an umbilical cord. This finding is related to commonly 
identified tortuosities. These tortuosities have been termed 
a€cefalse knotsa€* (Figure 43.2 ) and have 
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little clinical significance. An exception is that these vessels rarely 
may be prone to thrombosis. 


Figure 43.4 Omphalomesenteric duct remnant (A ) with enteric 
epithelia (B ). Omphalomesenteric duct adjacent to umbilical vein 
(C ) with unusual finding of hepatic tissue (D ). 
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Figure 43.5 Allantoic duct remnant hematoxylin and eosin (H&E 
stain). 
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The presence of thrombotic material in the vasculature of the 
umbilical cord is truly pathologic. The process may be related to 
the genesis of a single umbilical artery when it occurs in early 
gestation. Abnormal umbilical insertions may cause thrombosis. 


Velamentous cord insertions are abnormal and are characterized 
by the presence of the umbilical vasculature implanting in the 
placental membranes as opposed to the usual implantation over 
the placental disk (Figure 43.9 ). These vessels course 
independently within the chorion and are unguarded by the 
protective substance of the umbilical cord (Wharton's jelly). 
Thrombosis thus results from pressure on those vessels by fetal 
parts, and these vessels are subject to injury at the time of 
spontaneous or, more commonly, artificial membrane rupture. 


Figure 43.6 Umbilical vein (A ) and artery (B ) [hematoxylin- 
phloxine and saffron (HPS) stain]. 
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Other abnormalities and pathologic findings of the umbilical cord 
(certainly to be distinguished from normal morphology and 
histology) that are of clinical importance are umbilical cord 
vascular rupture, complete absence of Wharton's jelly (Figure 
43.10 ), and neoplasms of the umbilical cord [hemangioma (Figure 
43.11 ) and teratoma, both unusual findings]. 


Most significant when considering normal histologic changes in the 
umbilical cord is the presence of hemorrhagic material in the 
perivascular region, which would suggest umbilical cord vascular 
rupture. Although true cord hematomas do occur on occasion 
(Figure 43.12 ), the presence of hemorrhage in this region is 
common and generally attributed to the mode of delivery of the 
placenta, with traction or clamping of the umbilical cord producing 
this artifactual finding (Figure 43.13 ). 


Umbilical torsion and stricture are associated with excessive fetal 
movement and focal absence of Wharton jelly, 
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respectively. Both are associated with adverse outcomes (1 ). In 
the former, the normal twist or coiling of the cord becomes 
excessive. There is an association with long cords. The latter is 
less well understood but may at times be a function of torsion 


(Figure 43.14 ). Additionally, excessive coiling has been associated 
with increased fetal activity, cocaine use, abnormal fetal heart rate 
tracings and preterm deliveries (20 ). Nascent dimensions of cord 
width are therefore germane. There is little literature that actually 
defines the dimensions of normal cords, although published data 
correlate abnormalities associated with fat and thin cords (7 ,8 ) 
(Figure 43.15 ). 


Figure 43.7 Normal proximal anastomosis of umbilical arteries 
rendering the appearance of a single umbilical artery. 


Figure 43.8 Single umbilical artery (HSP stain). 


Figure 43.9 Velamentous insertion of umbilical cord. Umbilical 
vessels insert in membranes adjacent to the chorionic plate. In 
this case, the fetus exsanguinated after amniotomy and rupture of 
membranous vessels. 


Figure 43.10 Furcate insertion of umbilical cord. Umbilical cord 
vessels insert into placental substance individually (UA, left ; UA 
and UV, right ) not surrounded by Wharton's jelly. 
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Another definitively pathologic entity that must be distinguished 
from normal histology is the presence of leukocytes within the 
cord substance. Such findings are indicative of funisitis and are 


the result of inflammatory response to infectious antigens and 
recruitment through inflammatory pathways (Figure 43.16 ). When 
the process is prominent (severe) and with calcifications, the term 
necrotizing funisitis is applicable. Such severe pathology is 
indicative of chronic inflammation and may be seen in syphilis as 
well as other infections (1 ) (Figure 43.17 ). The identification of 
fungal elements about the umbilical cord are often difficult to 
discern from an overgrowth storage phenomenon. In this regard, 
the difficulty lies in the usual absence of associated inflammatory 
infiltrate. The cord, when involved, has white surface plaques. 
Fungal elements (i.e., Candida albicans ) may be identified merely 
with hematoxylin and eosin stains, although special stains for fungi 
can be helpful when such pathology is suspect (1 ). 


Figure 43.11 Dilated vascular lumina of umbilical cord 
hemangioma (HPS stain). 


Figure 43.12 Hematoma of umbilical cord. This placenta was 
delivered by cesarean section and there was no traction or 
clamping of this segment of cord. 


Figure 43.13 Perivascular hemorrhage located adjacent to 
umbilical artery found in the region of a cord clamp (HPS stain). 
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Figure 43.14 Excessive spiraling (A ) leading to torsion (B ) and 
stricture resulting in fetal death. 
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Figure 43.15 Mean cord width (as determined by ultrasound 2 cm 
from umbilical insertion) versus advancing gestational age (n = 
100, p < 0.05). Reprinted with permission from: Lewis SH, Starr 
C. Cord width. In Utero (Unpublished). 


Figure 43.16 Acute funisitis. Polymorphonuclear leukocytes are 
present within the umbilical vein muscularis and adjacent 
Wharton's jelly. 


Last, a finding in the cord that is notably pathologic is meconium- 

induced medial destruction (Figure 43.18A, B ), which results from 
direct meconium toxicity and necrobiosis of vascular media (21 ). 

Associated vascular spasm and medial degeneration may adversely 
affect hemodynamics in the cord and chorionic vasculature. 


Ramification of Chorionic Vasculature 


At this point it is convenient to discuss the ramification of the 
umbilical vessels in the chorionic plate. The umbilical cord inserts 
in a central or eccentric fashion. Although abnormal insertion at 
the margin (Battledore) and in the membranes (velamentous) 
comprises a small portion of cord insertions, both should be 
considered pathologic 
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and not normal variants insofar as they have been attributed to 
adverse outcomes when extensively analyzed (22 ). 


Figure 43.17 Necrotizing funisitis with intense perivascular 
malformations associated with calcification (peripheral white 
circular bands) may be seen in the gross. 


Figure 43.18 Globular degenerated necrobiotic medial cells so 
effected by meconium. The process is focal and contrasts with 
adjacent normal myocytes. Luna Ishak stain (A ). Intensified 
magnification for delineation (B ). Reprinted with permission from: 
Rana J, Ebert GA, Kappy KA. Adverse perinatal outcome with an 
abnormal umbilical coiling index. Obstet Gynecol 
1995;85:573a€"578. 


The pattern of vascular ramification within the chorion is described 
as either magistral (characterized by large-diameter vessels, 
radially diminishing in caliber to the periphery of the placenta) or 
disperse (characterized by multiple small vessels emanating 
directly from the cord insertion site). It is of interest that in the 
chorionic vasculature, no distinction can be made between 
branches of the umbilical vein and umbilical arteries using 
histologic criteria (in counterdistinction to the aforementioned 
description of differentiation between vein and artery in the 
umbilical cord). The only means of identifying which vessels are 
branches of arteries and which are veins is by noting their gross 
anatomic distribution. Arteries always cross over veins when 
observed from the fetal surface (Figure 43.19 ). The notation of 
such vascular relationships is of extreme significance when 
considering vascular anastomoses, aS may be seen in some twin 
pregnancies (23 ). 


Figure 43.19 As early as the 1600s, Nicholas Hoboken recognized 
that chorionic arteries (H) overlie veins, and this was beautifully 
depicted in his painstaking drawings. These are the earliest 
accurate drawings of the human placenta known to exist. 


The primary branches of the umbilical vasculature that course 
through the chorionic plate periodically dive beneath this stratum 
to establish the circulation of primary vascular ramifications 
ending in the terminal villi. 


Pathologic Alterations of the Chorionic 
Vasculature 


Abnormalities in the chorionic vasculature are similar to those 
found in the umbilical cord, the most significant being thrombosis 
of a chorionic vessel. During the gross examination of placentas so 
affected, the presence of thrombotic material may readily be 
identified by noting dilated vessels containing firm thrombotic 
substance. On the other hand, vascular thrombi may be more 
subtle and their appearance characterized only by the presence of 
faintly highlighted linear white streaks that parallel the peripheral 
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margin of vessels involved (Figure 43.20 ). These findings can be 
confirmed histologically. 


Figure 43.20 Chorionic vascular thrombosis characterized by a 
linear streak paralleling the vascular course (in this case a 
chorionic vein). Reprinted with permission from: 

Benirschke K, Kaufmann P. Pathology of the Human Placenta. 3rd 
ed. New York: Springer-Verlag; 1995. 


The presence of polymorphonuclear leukocytes migrating from the 
chorionic vasculature and from the umbilical vasculature is 
pathognomonic of chorionitis and umbilical cord funisitis, 
respectively. Findings of chorionitis are histologically similar to 
those aforementioned in acute funisitis (Figure 43.16 ). 


Membranes 


Embryology 


The placental membranes consist of the amnion and chorion. The 
amnion, which constitutes the innermost aspect of the embryonic 
cavity, develops from the margin of the embryonic disk. As the 
embryonic disk begins to take the form of a tube, the amnionic 
periphery also folds inward and its attachment to the ventral body 
is defined. The amnionic cavity subsequently develops by the 
process of cavitation. Elongation of the body stalk coincides with 
embryonic prolapse into the amnionic compartment. As 
development proceeds, the resultant cavity expands, and by 12 
weeks from the last menstrual period the amniotic cavity 
completely occupies the chorionic sac. At this point, fusion occurs 
with the chorionic wall. This event is commonly identified by 
clinicians via routine ultrasonographic analysis of advancing 
gestations. At this gestational age, the potential space between 
the chorion and amnion is visibly obliterated. The amnionic cavity 
remains filled with amnionic fluid, which by the end of gestation 
amounts to approximately 1 L. 


The chorion forms the base for the peripherally radiating villi and 
serves to encapsulate the embryo and developing amnion. As the 
early implantation embryo develops, the embryonic tissues (the 
trophoblast and its mesodermal investments) continue to expand 
in a spherical fashion. The inner aspect of the condensation of 
mesoderm, which forms the inner capsular structure deep to the 
peripheral trophoblast, is also termed the chorion. In the region 
that becomes the placental disk proper, chorionic villi continue to 
develop beneath these structures, and the placenta proper or the 
chorion frondosum is defined. The region of the chorion that 
covers the expanded amnionic cavity forms what has been termed 
the chorionic laeve. This constitutes the reflected membranes and 
is discerned from the membranous covering of the chorionic plate. 


Chorionic villi in the region of the laeve (which delimits the sac 
containing amnionic fluid) atrophy by pressure, although remnants 
of villous tissue may be found in association with this structure. In 
the region of the chorion frondosum, the fetal blood vessels invest 
the chorionic plate. Such vessels only occur in the chorion; the 
amnion is an avascular structure. 


Amnion and Chorion 


Gross Morphology 


The fetal membranes have a particular and characteristic 
appearance in normal deliveries. The sac, when viewed from the 
fetal surface, is clear and often has a bluish hue, and the amnion 
is devoid of vasculature. Remnants of atrophied vasculature may 
be seen in the overlying chorion and appear as filamentous 
streaks. The chorionic plate also has a characteristic blue sheen 
and, as described previously, the distribution of chorionic vessels 
has a characteristic appearance. The membranes of the chorionic 
plate are distinguished from the laeve as described above. It is not 
infrequent to find a peripheral nodule on the surface of the disk 
membranes. This normal nodule is the remnant of the fetal yolk 
sac (Figure 43.21 ). 


Figure 43.21 White nodule is the residua of the fetal yolk sac. 


Figure 43.22 A. Circumvallate placenta. B. Note loose association 
of amnion peripheral to marginal subamnionic fibrin deposition. 
Reprinted with permission from: 

Benirschke K, Kaufmann P. Pathology of the Human Placenta. 3rd 
ed. New York: Springer-Verlag; 1995. 
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Gross Morphologic Alterations 


Although chorionic vessels are normal in the chorion of the 
chorionic plate overlying the disk, the persistence of functional 
vasculature in the chorion laeve is aberrant and equates to 
membranous vessels. These vessels may connect lobes of placenta 
or relate to the membranous insertion of the umbilical cord 
(velamentous insertion as described above). 


On occasion, the chorionic plate may possess a ring of fibrin that 
forms a concentric ridge between the insertion of the cord and the 
margin of the placental disk. This fibrin ring, which lies deep to 
the amnion, is indicative of an extrachorial placentation. Such a 
placentation is characterized by two forms: the circumvallate 
placentation and the circumarginate placentation. In the former, 
the membranes are reflected upon themselves at the ridge of the 


fibrin deposition. They then cover the remaining margin of the 
placental disk in a loose fashion (Figure 43.22A, B ). In the 
circumarginate placenta, the ring of fibrin is present over the 
chorion, and the overlying amnion is not reflected upon itself at 
this fibrinous ring (Figure 43.23 ). The amnion thus extends to the 
margin of the placental disk, and its departure to form the 
amnionic sac occurs at this margin. It is currently felt that this 
fibrinous ring represents placental migration in conjunction with an 
enlarging uterus during the second trimester (so-called 
trophotropism) (1 ). 


Figure 43.23 Circumarginate placenta. Note the close association 
of amnion to the disk peripheral to the fibrin ring. 


The common occurrence of squamous metaplasia on the amnionic 
surface can be identified grossly by its characteristic appearance. 
It is a normal finding unless its presence is extensive. Immersion 
of the placental membranes in water generally defines this area by 
its failure to become moist as opposed to the normal surrounding 
amnion. Thus, these areas are more clearly defined. In pathologic 
conditions, metaplasia 
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in these regions may be pronounced, and large plaques and 
nodules may form (Figure 43.24 ). These nodules are distinguished 


from the truly pathologic condition of amnion nodosum by their 
failure to be easily denuded from the surface of the amnion by 
Slight mechanical pressure. 


Figure 43.24 Extensive squamous metaplasia on the amnionic 
surface from a fetus with an encephalocele. It is believed that 
irritation from the encephalocele in this region produced the 
extensive metaplasia. 


The presence of amnion nodosum is characterized in the gross 
sense by the presence of multiple small papules on the amnionic 
surface (Figure 43.25 ). The clinical history is Suggestive, and 
oligohydramnios characterizes these gestations. The small papules 
are easily removed from the amnionic surface by excoriation, and 
their substances are confirmed histologically by the presence of 
debris and degenerated squames. The origin of these cells is fetal 
epidermal, and their presence on the amnionic surface is related to 
apposition of this membrane and fetal skin in conditions where 
there is diminished amnionic fluid. 


Amnionic bands are rare. The condition is responsible for in utero 
fetal part amputation and trauma and is a phenomenon that occurs 
in approximately one in 10,000 births. The occurrence is important 
because it demonstrates potential difficulties from abnormal 
amnionic membrane development. The precise mechanism is not 


known in most cases, but rupture of the amnion (most probably in 
the first trimester) allows the fetus to enter the chorionic sac. The 
remnants of amnion form the substance of the resulting amnionic 
bands. At term these placentas have highly opaque chorionic 
surfaces that reflect hyperplasia of this uncovered layer. The 
remaining amnionic epithelium is densely adherent to the umbilical 
cord from which it cannot be stripped. Only small amounts of 
amnion are present, which distinguishes this condition from 
artifactual disruption of the amnion from the chorionic plate during 
the delivery process (1 ,24 ,25 ). Occasionally, an abnormal 
a€ceweba€e will be present at the base of the cord insertion, and 
this may limit normal cord movement (5 ) (Figure 43.26 ). 


Figure 43.25 Multiple papules of amnion nodosum stipple the 
amnionic surface of this placenta from a gestation characterized by 
oligohydramnios. 
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Figure 43.26 Amniotic web partially immobilizes the cord by 
limiting its movement at the cord base. 


Amnion Histology 


The amnion, the innermost layer of the amnionic cavity, is lined by 
a single layer of epithelial cells that resides on a basement 
membrane. The basement membrane is attached to an underlying 
thin layer of connective tissue (26 ) (Figure 43.27 ). The amnion, 
although adjacent to the chorion, is not truly fused to it and may 
be separated with minimum effort. This juxtaposition of the two 
membranous layers occurs at 12 weeks' gestational age (27 ) 
(Figure 43.28 ). Before this time, as the amnion develops, it is 
separated from the chorion by the so-called magma reticulare, 
which is a viscous and thixotropic gelatinous fluid. Stellate 
mesenchymal cells may be found within this subtance. These cells 
also have epithelial characteristics and have been stained 
immunohistochemically and found to be cytokeratin and vimentin 
positive (28 ). 


The epithelial cell layer of the amnion is composed of one distinct 
cytologic type (29 ). The epithelium is a single layer, squamoid to 
cuboidal, and devoid of secretory activity. Ultrastructural studies 
show extensive microvillous projections (30 ). Multiple vesicular 


structures have been identified at the base of these epithelia. It 
has been postulated that these vesicles represent pinocytotic 
activity (11 ). This observation is important because, as stated 
earlier, the amnion possesses no vasculature. This also pertains to 
its mesenchymal component. Therefore, the cytologic components 
of this layer gain their nutrition from adjacent amnionic fluid, 
which in turn is rich in nutrients from transudation (from fetal 
vasculature) and fetal excretory products. In early gestation, this 
nutrition is derived from the magma reticulare. Channels that also 
have been considered responsible for fluid transmission (31 ) are 
felt to be the residua of epithelial cell loss. A postulate relating to 
cell loss may invoke a newly revitalized theoretical discussion 
(initiated by Virchow) that describes â€œapoptosisâ€e as a form 
of programmed cell death. Such epithelial loss or â€œcell death by 
suicidea€* also has been noted in placental 
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components, including the wall of the yolk sac and in the 
endothelium of umbilical veins. Further investigation in these 
areas may enhance understanding of developmental biology and 
with refinement may be used for addressing future methodologies 
for the treatment of neoplasia (32 ,33 ). 


Figure 43.27 Flattened to cuboidal amnionic epithelial cells (E) 
adhere to their basement membrane (B). Beneath this is the 
compact layer of the amnion (C), which is acellular and may form 
a barrier to PMNs. The compact layer is rarely affected by edema 
and is probably the strongest amnionic layer. A fibroblastic layer 
(F) lies beneath the compact layer, and macrophages may be 
found. A spongy layer (S), relatively devoid of fibroblasts, 
separates the amnion from the chorion, although the two may 
merge imperceptibly. Often, an artifactual separation may be 
present near the plane of true fusion. The amnion usually 
measures from 0.2 to 0.5 mm in thickness (1 ). The most 
superficial layer of chorion is usually an incomplete cellular zone 
(I) that overlies a thick reticular layer (R). This layer is composed 
of fibroblasts and macrophages. Beneath the reticular layer is a 
pseudoa€“basement membrane (PB) overlying trophoblastic X cells 
(X) and then maternal decidua (D) (HPS stain). 
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Figure 43.28 The separation between amnion and chorion is more 
apparent in early gestations as seen in this section from the 
chorionic plate of a 10- to 12-week placenta. The amnion is readily 
distinguished from the underlying chorion, which contains the 
easily identifiable chorionic vessels. Mesynchymal components are 
prominent (H&E stain). 
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Amnionic epithelial cells are attached to one another by 
desmosomes in freeze-fracture experiments (34 ). Furthermore, 
the amnionic epithelium attaches to the underlying basement 
membrane by hemidesmosomes (35 ). 


Amnionic epithelial cells divide by mitosis (36 ). On occasion, 
multinucleated cells are identified. Morphometry studies have 
demonstrated that polyploid cells exist in this layer (37 ). Other 
karyotypic anomalies occur, and amniocentesis for chromosomal 
defects may yield false-positive results when these amnionic cells 
contaminate preparations (38 ). 


Although the epithelium of the amnion does not actively secrete, 
lipid droplets have been noted within these cells, an observation 
that correlates with increasing gestational age (36 ,39 ,40 ). 
Glycogen also has been found within amnionic cells. 


Squamous metaplasia is a common occurrence in the amnionic 
epithelium, especially near the insertion of the umbilical cord 
(Figure 43.29 ). This epithelium may become keratinized, and 
keratohyalin granules can be identified. Although this appears to 
result from irritation of the amnionic epithelial surface, these 
changes can be found in more than half of all term placentas (1 ). 


Beneath the basement membrane of the amnionic epithelium, an 
additional component of the amnion is identified. This layer 
principally is divided into a compact and a fibroblastic region. The 
connective tissue within this region may harbor macrophages, 
which have been identified within the first trimester of pregnancy 
(41 ). 


Figure 43.29 Squamous metaplasia of the amnion with 
hyperkeratosis (HPS stain). 
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Amnion Histopathology 


Histologic abnormalities of the amnion are heralded by an 
abnormal gross appearance. For example, membranes that are 
stained green may reflect deposition of meconium. Amnionic 
membranes that are white may be indicative of polymorphonuclear 
leukocyte infiltration and acute chorioamnionitis (26 ) (Figure 
43.30A, B). 


Abnormalities of amnionic epithelial cells, although suggested by 
gross examination, can be confirmed by histologic assessment. 
Abnormalities that reflect degenerative changes are characterized 
by the presence of vacuolated cytoplasm and elongation to 
columnar forms. A rather rare and unusual finding associated with 
gastroschisis carries a pathognomonic histologic aberrancy of the 
amnion whereby amnionic epithelial cells contain innumerable 
vacuoles (1 ) (Figure 43.31 ). 


Amnionic epithelial degeneration (Figure 43.32 ) is characteristic 
when meconium is present. Such findings may be confirmed when 
macrophages, present within the amnionic layer, contain 
meconium (a coarse brown pigment), which does not stain for iron 
(Figure 43.33 ). On the other hand, hemosiderin deposition may 
be found within the amnionic layer in macrophages, and this can 
be confirmed by the use of iron stains (i.e., Prussian blue). 


Although there are no true tumors of the amnion, occasional cysts 
representing edema may be identified. Although they may be 
striking in their gross appearance, it must be recognized that no 
clinical significance can be identified. Occasional cysts of 
ectodermal and mesodermal tissue have been identified deep to 
the amnionic layer, but such findings are not considered true 
neoplasms. Teratomas have been described (42 ). These lesions 
probably represent degenerative acardiac twins (1 ), but the lack 
of directed differentiation from  pluripotential stem cells could 
account for the former. 


The papules of amnion nodosum are clearly pathologic and reflect, 
in most cases, decreased amnionic fluid. In such 
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instances, vernix (desquamated epithelia from the fetus) forms 
minute nodules on the amnionic surface in this characteristic 
fashion (Figure 43.34 ). The lesions are composed of acellular 
debris and remnants of cells (43 ). The material within these 
papules is PAS and alcian blue positive. 


Figure 43.30 Acute chorioamnionitis in membrane roll (A ) (HPS 
stain) and in chorionic plate (B ) (H&E stain). 
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Figure 43.31 Unusual vacuolated elongated amnionic epithelial 
cells pathognomonic of gastroschisis. The pathophysiology is 
uncertain (H&E). 
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Figure 43.32 A twisted membrane roll with amnionic epithelial 
degeneration (above ) and normal amnionic epithelium (below ) 


(HPS stain). 


Figure 43.33 Amnionic epithelial degeneration overlies pigment- 
laden macrophages containing meconium (HPS stain). 


Chorion Histology 


The chorion is composed of a connective tissue membrane that 
carries the fetal vasculature. Its inner aspect is bounded by the 
outer layer of the amnion, and the outer aspect is directly 
associated with the trophoblastic villi that sprout from its surface. 
There are two distinct aspects of the chorion: the chorion 
frondosum and the chorion laeve. The chorion of the reflected 
membranes (chorion laeve) is composed of an inner cellular layer, 
a a€coereticulara€* layer, a a€cepseudo-basement membrane,a€« 
and an outer trophoblastic layer (44 ) (Figure 43.27 ). The precise 
origin of the mesenchymal component of the chorion is not clear, 
but it is believed that this connective tissue is derived from the 
primitive streak and not the trophoblast (45 ,46 ) (Figure 43.28 ). 
Electron microscopy studies have shown the connective tissue cells 
adjacent to the amnion to be rich in endoplasmic reticulum (47 ,48 
). Macrophages and degenerative endothelial cells also have been 


described as part of the cytologic makeup of this layer (48 ). Acid 
mucopolysaccharides are prominent within the connective tissue 
matrix of the chorion (49 ). Although present in other regions of 
the placenta, type VI collagen is a prominent constituent of the 
chorionic layer (50 ). The chorion frondosum is similarly 
constituted but contains functional chorionic vessels and is 
bordered deeply by functional villi. 


Figure 43.34 Amnion nodosum (H&E stain). 
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Chorion Histopathology 


Pathology of the chorionic vasculature (described above in the 
context of its umbilical cord continuity) includes chorionitis and 


thromboses. The fetal chorionic vessels allow permeation of 
polymorphonuclear cells (PMNs) in response to intraamnionic 
bacterial antigens. Maternal PMNs also may be seen in the chorion 
laeve. In both cases, the amnion is later affected (Figure 43.30 ). 


Chorionic cysts, which do not truly arise from the chorion proper, 
are derived from trophoblastic cytologic components (X cells). 
Multiple cysts may be present, bulging the fetal surface of the 
disk. These may appear terribly abnormal but in fact carry no 
significance in the form of true pathology (Figure 43.35 ). These 
cysts, which are commonly found in the chorionic plate and within 
placental septa, are discussed further below. 


Multiple Gestation 


The normal relationship of the placental membranes are germane 
to the understanding of twin or multiple-gestation placentations. 
These relationships are described briefly, but for a more complete 
discussion of twinning and associated pathological conditions, 
readers are referred to an extensive and detailed review of the 
topic (1 ). 


The majority of twin placentas (incidences show a dependence on 
geographic location and ethnic background) are dizygotic. The 
dizygotic twin placenta has a variety of presentations: separate 
placentas or fused placentas. In the latter, the intervening 
membrane should be studied to distinguish dichorionic from 
monochorionic twin placentas. The intervening membrane of about 
70% of monozygotic twin placentas is devoid of a chorion, and the 
term a€cediamnionica€“monochorionica€*  (DiMo) is applicable 
(Figure 43.36 ). All DiMo placentas are monozygotic. In these 
gestations (DiMo), the shared chorion invests only the chorionic 
plate and is not present in the intervening membrane. In DiMo 
placentas, shared vascular districts between placentas are 
possible, and vein-to-vein and artery-to-artery anastomoses are 
the most common. Artery-to-vein anastomoses are relatively 


infrequent and are the etiology of the twina€“twin transfusion 
syndrome (Figure 43.37Ada€"“D ). 


Figure 43.35 Multiple normal chorionic cysts. 


Figure 43.36 Intervening membrane from diamnionic 
monochorionic twin placenta. Note the absence of an intervening 
chorionic layer (HPS stain). 


The diamnionica€“dichorionic (DiDi) placenta is distinguished 
morphologically by examining the intervening membrane and 
noting the presence of two fused chorions beneath the two 
amnionic layers (Figure 43.38A, B ). Most of these placentas are 
dizygotic; however, approximately 30% of DiDi twin placentas 
result from monozygotic twin implantations and are the result of 


Splitting within 3 days of fertilization. Vascular anastomoses are 
reportable. 


The complete absence of an intervening membrane 
(monoamnionica€“monochorionic) in a twin gestation is also 
diagnostic of monozygotic twins. There, splitting of the embryo 
occurs later in gestation (at approximately 7 days of age), and 
although twina€“twin transfusions can occur, these are less 
common than in DiMo placentations. The significant pathologic 
problems from these placentations result from cord 
entanglements, and fetal death is common. Even later separations 
result in fused twin fetuses (Siamese twins). 


Villi 


Embryology 


After formation of the blastocyst, the trophectoderm gives rise to 

extraembryonic trophoblastic villi. The organization of the inner 

cell mass gives rise to the embryo proper. The trophoblastic 

derivatives of the early implantation embryo 
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are best characterized by discussing their structures and cell 

types. The trophoblastic villus forms the functional unit of the 

placenta. In the first trimester, trophoblastic villi are composed of 

an outer syncytiotrophoblastic layer and an inner cytotrophoblastic 

layer encompassing villous mesenchyme in which the fetal 

vasculature differentiates. Although the majority of the villus is 

surrounded by the characteristic two-cell layers, a polarity to the 

villi can be identified and their basal implantation regions are 

composed of additional trophoblastic constituents, which make up 

the trophoblastic cell columns (Figure 43.39 ). Cytotrophoblast 

gives rise to syncytiotrophoblast. The origin of X cells (which 

contribute to the trophoblastic cell columns and a€cepercolatea€« 


into the maternal decidua along with syncytiotrophoblast) is less 
clearly understood. 


Figure 43.37 A. Twina€“twin anastomosis characterized by 
artery-to-vein transfusion. B. Note pale anemic and edematous 


parenchyma of donor (left ) and dark congested parenchyma of 
recipient (right ). The arrowheads mark the vascular equator along 
the maternal surface. C. Villi from the anemic twin are edematous 
with abundant macrophages, and vascular spaces contain 
nucleated hematologic precursors denoting high-output failure and 
increased red cell production, respectively. D. Villi from plethoric 
twin are markedly congested (HPS stain). Characteristic 
a€ceclassica€* twina€“twin transfusion outcomes may not always 
occur. Although one twin may be smaller, hemoglobin may be 
increased in a paradoxical fashion suggesting shifts in flow before 
analysis. Reprinted with permission from: 

Benirschke K, Kaufmann P. Pathology of the Human Placenta. 3rd 
ed. New York: Springer-Verlag; 1995. 


Figure 43.38 A. Diamnionica€“dichorionic intervening membrane, 
site of fusion at chorionic plate (â€œT zonea€e ) (H&E stain). B. 
Note the more cellular intervening chorion separating the two 
layers of amnion (A) (HPS stain). 
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Figure 43.39 Polar trophoblastic proliferation comprising 
trophoblastic cell column. Many vacuolated X cells are identified 
(H&E stain). 


a 


As gestation progresses, the characteristic elements of the 
trophoblastic villus, as described from the early implantation, 
differentiate and develop to form a more functionally efficient unit. 
This occurs with gradual diminution in the size of peripheral 
branching villi. The tertiary villi, which stem from secondary villi, 
which in turn are derived from major stem villi, have a 
characteristic appearance (Figure 43.40A, B ). The previously 
noted two-cell layer is less apparent, and the cytotrophoblast 
becomes much more difficult to identify. The overlying 
syncytiotrophoblast of the villus thins so that a syncytiovascular 
membrane forms the villous interface with the maternal 
intervillous blood. Deep to the trophoblast lies a basement 


membrane (also present in earlier villi), which in turn surrounds 
the villous mesenchyme. Deep to the villous mesenchyme, fetal 
blood courses within capillaries lined by endothelial cells Supported 
on a basement membrane. These are the constituents of the 
a€oesyncytial vascular membranea€* separating fetal from 
maternal blood across which transport of essential nutrients and 
waste products must occur. 


The course of development also has an impact on the 
mesenchyme. Early in development, when villi have a pronounced 
double trophoblastic cell layer, the mesenchyme is prominent. The 
cytologic constituents of this region alter with development. Before 
6 weeks from the last menstrual period, capillary lumina are not 
readily identified (Figure 43.41 ). After this point, the development 
of vascularization within villous tissue becomes more pronounced. 
The vasculature is derived from branches of the stem vessels that 
connect with the vasculature of the chorionic plate. By about 8 
weeks' gestational age (from the last menstrual period), only 
nucleated hematologic precursors are evident 
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within these villous capillary spaces (Figure 43.42 ). Many of these 
primitive blood cell precursors have their origin within the yolk 
sac. As gestational age progresses, there is a decrease in the 
number of nucleated hematologic precursors, such that between 
10 and 12 weeks' gestational age (from the last menstrual period) 
only approximately 10% of these blood cells are nucleated. The 
near absence of nucleated hematologic precursors after 12 weeks 
is readily apparent in histologic sections (Figure 43.43 ). 
Surrounding the early villous vasculature, the villous mesenchyme 
is also prominent early in gestation. The mesenchymal structural 
units (primitive fibroblastic cells) form about 50% of the cells in 
this region. The remainder of cells are composed of members of 
the macrophage family. These cells bear antigens that characterize 
them as such (CD4, LeuM3, and a variety of other macrophage 
markers can be identified) (51 ). 


Figure 43.40 Third trimester villi. Secondary villus (A ) and 
tertiary villus (B ). Note that capillary lumina are more 
peripherally located in the tertiary villus. Furthermore, there is 
less prominent villous mesenchymal substance (HPS stain). 


Figure 43.41 Villus from gestation of less than 6 weeks. No 
capillary lumina are present and no embryonic erythropoiesis is 
identified (H&E stain). 


The villous macrophages or so-called Hofbauer cells lose their 
prominence as gestation proceeds. The maturing tertiary villus, 
although it possesses this cell type, has fewer of them at term. 
The function of Hofbauer cells, although not completely 
understood, is important in water regulation activities, the 
transport of various nutrients and waste, and villous homeostasis. 
This cell type also may be important to immune regulatory 
functions as an intermediate in the processing of infectious agents 
that are blood borne. 


Chorionic villi may be useful in prenatal diagnosis. Karyotype 
analysis may be assessed at 10 to 12 weeks' gestational age 
through chorionic villus sampling (CVS). It should be noted that 
although early diagnosis is often preferable (to later 
amniocentesis), several concerns exist. There have been 
controversies regarding limb reduction abnormalities, but the vast 
majority of evidence does not confirm this adverse event, 
especially in a€ceexperienced hands.a€* Of genuine concern, CVS 
is not useful in the diagnosis of neural tube defects (amniotic fluid 
for {+-fetoprotein determination is required) and fragile X 


syndrome, which also requires amniotic fluid due to alterations in 
methylation patterns found in trophoblast as compared with fetal 
squames (52 ). 


Figure 43.42 Trophoblastic villus at 8 weeks' gestation. Note only 
nucleated hematologic precursors present within villous capillary 
spaces (H&E stain). 


Gross Morphology 


The villous parenchyma is discoid and occupies the space beneath 
the chorionic plate. The substance of the parenchyma is red and 
a€cebeefy.a€* On sectioning, it appears homogeneous in contour 
and texture. Irregularities within the substance denote 
abnormalities within the villous parenchyma. Many abnormalities 
so identified are common, and in most instances, due to their 
frequent occurrence, they should be considered as normal varients 
(unless they are unduly prominent). Such entities include infarcts 
and perivillous fibrin deposition. 


Figure 43.43 Near absence of nucleated hematologic precursors 
within villous capillaries after 12 weeks' gestation (H&E stain). 


In addition to the perivillous fibrin deposition, other fibrinous 
depositions are common and are generally considered normal 
within the placenta. The so-called Langhans' stria, located below 
the chorionic plate, is probably related to alterations of materal 
intervillous blood flow. By virtue of its distance from the decidual 
vasculature, it tends to be more static. 


Nitabuch's fibrin is present between the floor of the placenta and 
the maternal decidua. This layer was once believed to prevent 
allograft rejection, but now the precise nature and functional 
Significance of this fibrin deposition are not clear. 


On occasion, the placental parenchyma have spherical defects 
(usually 1 to 2 cm in greatest dimension), which represent so- 
called jet lesions. These cleared areas within the villous 
parenchyma represent pressure heads from maternal decidual 
vascular flow. It is not uncommon to histologically identify a small 
zone of acute infarction peripheral to these lesions. 


Calcification is a common phenomenon in the mature placenta. 
Calcification has been used to diagnose placental maturity by 
ultrasonographic evaluation during pregnancy.  Third-trimester 


Polis 


gestations have an increase in the amount of calcium present in 
the placenta, and when calcifications are prominent, placentas are 
considered grade 3. A mature placenta detected by ultrasound 
does not necessarily denote fetal maturity. The appearance of 
calcium deposition in the gross sense is that of fine, pinhead-sized 
deposits of yellowa€“white, gritty material. Calcification of the 
placenta is a normal physiologic response to development and 
aging (53 ,54 ). 


Gross Morphologic Alterations 


Many placentas normally have some degree of infarction. When 
infarction roughly exceeds 10 to 15% of the placental surface, or 
when it is more central than peripheral, this should be considered 
pathologic. Infarcts are characterized grossly as either acute or 
a€ceold.a€* Acute infarcts are pale, poorly demarcated regions 
that are slightly granular on palpation. a€ceOlda€* infarcts are 
white, often triangular, and they too are granular (Figure 43.44 ). 


Infarcts evaluated grossly are distinguished from _ perivillous fibrin 
deposition. Upon palpation, infarcts are granular and firm. 
Perivillous fibrin, on the other hand, tends to be nodular and 
smooth. Further distinctions are made histologically, and these are 
described in detail below. 


Intervillous thrombi also may be identified during the gross 
examination of the placenta. These triangular or diamond-shaped 
lesions within the placenta may consist of soft gelatinous red to 
white (depending on age of lesion) aggregates of collected blood. 
The lamellations of fibrin within this thrombotic material may be 
observed grossly. It is this aspect, as well as the gelatinous soft 
makeup of this material, that distinguishes these lesions from 
infarcts and perivillous fibrin deposition upon gross examination. 


Figure 43.44 Multiple old infarcts from a hypertensive pregnancy. 


Histology 


The histologic variations in placental architecture are largely 
dependent on the developmental state at which observations are 
made. The histology of the individual cell types involved directly in 
villous implantation is now described. 


X cells, also termed intermediate trophoblasts, are major 
constituents of the cell columns that form the deepest structural 
components of the implantation site. These cytologic components 
of trophoblastic origin are unique with respect to other 
trophoblastic derivatives (syncytiotrophoblasts and 
cytotrophoblasts). X cells are secretorily distinct and produce 
human placental lactogen and major basic protein, and are 
electron microscopically distinct insofar as they contain large 


numbers of mitochondria with tubular cristae (55 ,56 ,57 ). Similar 
cell types are identified along with the chorion laeve (Figure 
43.45A, B ), and these cells have been characterized histologically 
as being eosinophilic or vacuolated; it was suggested that they 
represent two distinct subpopulations in this region (58 ). In the 
implantation site, these cells are morphologically distinguished 
from decidual elements in that their cytoplasm is generally darker 
and they 
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are occasionally multinucleated. Furthermore, these cells tend to 
be more vacuolated then their neighboring decidual cells. Difficulty 
in distinguishing these cell types has resulted in some problems 
with the diagnosis of intrauterine pregnancy when these are the 
only trophoblastic cells present in currettage specimens. In the 
absence of villi, most pathologists confirm their diagnosis of 
intrauterine pregnancy (and hence generally exclude the 
possibility of a tubal pregnancy) based on the presence of 
multinucleated trophoblastic derivatives, which are more readily 
distinguished from the surrounding decidua. Should difficulty arise 
with morphologic assessment of the true nature of the uninuclear 
cells in question, immunohistochemical localization of human 
placental lactogen within X cells is helpful (59 ). This cell type is of 
important immunologic interest because it may be responsible for 
the synthesis of fibronectin (1 ). An excess of immature 
intermediate trophoblasts has been associated with preeclampsia 
and eclampsia (60 ). 
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Figure 43.45 Prominent nonvacuolated X cells within the decidua 
of the chorionic laeve. Note their darker cytoplasm and occasional 
multinucleation (A ) and vacuolated X cells deep in the chorion (B 
) (HPS stain). 


An interesting normal finding within the placenta is the so-called 
chorionic cyst. These cysts occur in placental septae and are 
composed largely of decidua and X cells. The cysts are entirely 
lined by X cells. As noted above, such cysts also may be seen in 
the chorionic plate (Figure 43.35 ). On sectioning, gelatinous fluid 
may be present, and the major constituent of this fluid is one of 
the substances produced by X cells: major basic protein. The 
function of these cysts is not known. They should not be 
considered pathologic when present (1 ). 


The syncytiotrophoblast, the outer cell layer, possesses a brush 


border. Microvilli that constitute this border are felt to be involved 
in pinocytotic activity. Vacuoles within the cytoplasm of these cells 
are indicative of the absorptive and secretory activities of the 
syncytiotrophoblast. Syncytiotrophoblasts are composed of 
pyknotic (often multiple) nuclei that are hyperchromatic. In 
addition to the multiple vesicles present within this cell type, 
ultrastructural examinations show a cytoplasm that is rich in 
endoplasmic reticulum, mitochondria, lipid droplets, and Golgi 
bodies (61 ). 


The cytotrophoblastic nuclei are more round and open. Tritiated 
thymidine incorporation experiments have shown that uptake and 
incorporation are confined to the cytotrophoblastic layer and not 
the syncytiotrophoblastic layer (62 ). On occasion, 
cytotrophoblasts may possess mitotic figures (Figure 43.46 ). 
Ultrastructurally, the cytotrophoblast has fewer organelles than 
does the syncytiotrophoblast. Most prominent are large 
mitochondria, which may be numerous. 


Human placental lactogen may be localized within X cells and 
syncytiotrophoblasts. Human chorionic gonadotropin can be 
identified within syncytiotrophoblast cells, but not within 
cytotrophoblast cells (55 ,63 ). 


Figure 43.46 Sparse cytotrophoblast with rare mitotic figure in 
terminal villus from a third trimester placenta (HPS stain). 
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Histopathology 


Various pathologic entities, which may be identified within the 
villous parenchyma at the histologic level, serve to better illustrate 
the normal histology of the placenta. 


Infarcts, which are common in the placental substance, have a 
characteristic gross appearance. Acute infarcts are characterized 


histologically by the presence of faint staining villi, which are 
aggregated, compressed, or agglutinated to one another and have 
interspersed polymorphonuclear leukocytes within the intervillous 
Space (Figure 43.47 ). (As described below, it is crucial to 
distinguish this inflammation from that which occurs in an 
intravellous fashion). Earlier forms of infarction may be 
characterized by the presence of villous agglutination and 
congestion, with lysis of intervillous maternal blood (Figure 43.48 
). In very advanced (da€oceolda€* ) infarcts, complete absence of 
villous architecture is noted and a fuzzy outline of remaining 
villous constituents can be identified (Figure 43.49 ). No viable 
staining cells are identified, and an acute inflammatory infiltrate 
may persist. The placenta rarely undergoes a€ceorganizationa€s 
or fibrosis. When acute infarcts resolve and 
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become a€oeold,a€* fibroblasts are generally lacking. It is for this 
reason that organization is not a term applied to the placenta. 
Classic organization as might apply to other organ systems 
undergoing ischemic change does not occur. The variance probably 
relates to the two distinct vascular supplies (maternal and fetal). 
Disturbance in maternal flow results in placental infarction. 


Figure 43.47 Acute infarct (HPS stain). 
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Figure 43.48 Villous vascular congestion may indicate early 
infarction or need to be more closely examined to exclude 
chorangiosis (HPS stain). 


Figure 43.49 a€ceOlda€* infarct (HPS stain). 
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Figure 43.50 Increased perivillous fibrin. Note trophoblastic 
nuclear remnants encased in fibrin (HPS stain). 
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Infarcts are distinguished from perivillous fibrin deposition 
histologically in that regions of the latter contain cytotrophoblastic 
nuclear remnants that are often prominent (Figure 43.50 ). 
Intervillous thrombi are identified histologically by the presence of 


lamellated thrombotic material displacing neighboring villi (Figure 
43.51 ). 


Figure 43.51 Intervillous thrombus. Note lamellated lines of Zahn 
(HPS stain). 
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Figure 43.52 Focal edema (H&E stain). 


Other abnormalities of the villous parenchyma include villous 
edema, where edema fluid displaces intravillous cytologic 
architecture; it is considered pathologic, especially in premature 
gestations (Figure 43.52 ) and has been reported as a cause of 
fetal ischemia. Its etiology is not clear (22 ). Tenney-Parker 
change is characteristic of placentas from preeclamptic gestations. 
This change is characterized by increased syncytial knotting on 
villi (Figure 43.53 ). These syncytial knots are best considered 
failed adaptive responses to low oxygen tension within the 
intervillous space. As noted above, increased intermediate 
trophoblasts also may be seen (60 ). Infarcts are not uncommon 
(1 ), and in preeclamptic/eclamptic gestations, decidual 


vasculopathy is also encountered and is discussed below. 


Unusual appearances of villous vasculature take three unrelated 
forms. First, villous vasculature may be congested (Figure 43.48 ), 
and this may have no pathologic significance or may be indicative 
of early infarction. Second, increased numbers of villous 
capillaries, so-called chorangiosis, has been considered to be 
indicative of chronic hypoxic changes. The definition is precise, 
and in histologic terms three criteria 
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(10 vessels/10 villi/10 fields at 10A—) need to be met (64 ). Third, 
abnormal proliferations of villous vessels that form histologically 
hemangiomatous nodules, are termed chorioangiomas when 
present in the placenta (Figure 43.54A, B ). These lesions have 
pathologic significance when prominent and may result in high- 
output cardiac failure in the fetus or microangiopathic hemolytic 
phenomena. 


Figure 43.53 Increased syncytial knots in a hypertensive 
pregnancy (HPS stain). 


Dysmaturity of villi is also considered pathologic. Villi that show 
the characteristic two-cell layer of the first-trimester implantation, 
when present in third-trimester placentas, are indicative of 


abnormal developmental events. This change has been noted to 
occur in mothers who are diabetic. 


Nucleated red blood cells are common in very early gestations, but 
as gestation proceeds, and especially in the third trimester, 
nucleated red blood cells should not be present. When present, 
fetal anemia with increased erythroid production should be 
suspected. Additionally, recent investigations have addressed the 
presence of nucleated red blood cells (in advanced-gestation 
placentas), correlating such findings with erythropoietin secretion 
by the fetus and concomitant fetal hypoxia (1 ) (Figure 43.55 ). 


Figure 43.54 Chorioangioma (A ) characterized by 
hemangiomatous proliferation (B ) (HPS stain). 


Figure 43.55 Fetal nucleated red blood cells are abnormal at 


term. There is associated focal villous edema (H&E stain). 


In patients with sickle cell disease, it is not unusual to find sickling 
of maternal erythrocytes within the intervillous spaces. This is 
promoted by diminished oxygen tension in the setting of abnormal 
maternal hemoglobin S. It is wise to correlate histopathologic 
findings with clinical status in that it has been reported that 
hypoxia during and after placental separation causes sickling (65 ) 
(Figure 43.56 ). 


Inflammatory changes within villi are probably one of the most 
interesting aspects of placental pathology. These inflammatory 
changes herald the presence of infectious disease agents in many 
cases. The presence of syphilis and cytomegalovirus (CMV) should 
be considered when 
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infiltrates of lymphocytes and plasma cells are found within 
trophoblastic villi. Special stains may be confirmatory. It is 
important to distinguish this chronic inflammation from that of the 
acute inflammatory infiltrate (Surrounding villi) associated with 
acute infarction. An acute inflammatory infiltrate within villi may 
suggest Listeria infection with extensive microabscess formation 
throughout the placenta. This often can be seen in the gross as 
innumerable white dots. The odor has been characterized as 
a€cesweeta€e (1 ). In many instances, inflammatory changes 
within the villi are limited to an increase in the villous cellularity 
(increased Hofbauer cells), and no specific infectious disease agent 
can be identified. Increased numbers of inflammatory cells 
(without plasma cells) also signify chronic villitis; however, in 
most instances when this occurs, no infectious disease organism 
can be identified. These inflammatory changes within the placenta 
have been termed a€cevillitis of unknown etiology (VUE)a€* (64 
,66 ) (Figure 43.57A, B ). The infiltrate has been identified as 
maternal in origin (67 ). 


Figure 43.56 Intervillous maternal red cell sickling in patient with 
sickle cell disease (H&E stain). 


Figure 43.57 Villitis of unknown etiology (VUE) in which a chronic 
inflammatory infiltrate devoid of plasma cells is present (A ) and 
chronic villitis due to known syphilis infection characterized by the 
presence of a mononuclear infiltrate containing plasma cells (B ) 
(HPS stain). 


Figure 43.58 Parvovirus B19 infection associated with villous 


edema and nucleated fetal red cells with characteristic inclusions 
(H&E). 


The absence of inflammation does not always coincide with the 
absence of infection. For example, in parvovirus B19 infection, 
hydropic villi and the presence of villous vascular nucleated red 
blood cells (occasionally with da€cesmudgeda€* amphophilic 
intranuclear inclusion bodies) may herald the presence of severe 
congenital infection even in the setting of absence of maternal 
symptoms (1 ) (Figure 43.58 ). 


Confounding the topic of placental and neonatal infection is the 
entirely normal placenta, by routine examination. Only special 
molecular studies will detect antigens and nucleic acids indicating 
the presence of infectious materials (68 ) (Figure 43.59A, B ). 


Figure 43.59 In situ hybridization with S35 probe detects HIV-1 
nucleic acids in Hofbauer (H) cells (A ) and trophoblast (C, T) of 
immature villi (Cv) (B ). Reprinted with permission from: 

Redline RW, Patterson P. Villitis of unknown etiology is associated 
with major infiltration of fetal tissue by maternal inflammatory 
cells. Am J Pathol 1993;143:473a€“479. 
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Histology 


The hypersecretory glandular epithelium of the endometrium, 
which is progestationally induced, affords the proper environment 
for implantation. At times, these hypersecretory glands may 
exhibit the Arias-Stella reaction in which cytologic atypia is noted 
(Figure 43.60 ). In this condition, nuclei are often polyploid. 
However, nuclear cytoplasmic ratios remain low, distinguishing 
this normal finding from neoplasia. In this continued 
progestational influence, endometrial glands become secretorily 
exhausted. The endometrial stroma has undergone its 
characteristic â€œdecidualization,â€•e and decidual cells of the 
endometrium are characterized as epithelioid and polygonal. Their 
small rounded nuclei are generally situated centrally in abundant 
pale eosinophilic, often vacuolated, cytoplasm (Figure 43.61 ). The 


cytoplasm is rich in glycogen and glycoproteins. In regions of 
decidual tissue, where trophoblastic derivatives are not present, 
nuclear content is diploid (69 ). Ultrastructural examination of the 
decidua shows that tight junctions separate these cells (70 ). 


Figure 43.60 Arias-Stella reaction (H&E stain). 


In addition to the decidual cells, an admixture of fibroblasts and 
lymphocytes is also identified. An additional cell type, the 
a€cegranular cell,a€é* has been shown to produce relaxin (71 ). 


The intercellular matrix contains abundant type IV collagen and 
laminin. Fibronectin and heparin sulfate proteins also have been 
identified (72 ). Other collagens are also present throughout the 
decidual matrix, and these include types I, III, and V. 


Figure 43.61 Decidua with centrally placed open nuclei and 
abundant pale cytoplasm with prominent cell borders. Note sparse 
normal lymphocytic infiltrate and occasional X cell with cytoplasm 
darker than decidual cytoplasm (HPS stain). 


Although prior reports suggested that the secretory activity of the 
decidua included the production of prolactin and human placental 
lactogen, it is known that this hormone is produced not by 
decidual cells but by invading trophoblastic derivatives (principally 
intermediate trophoblast or X cells) (55 ). Much of the difficulty in 
studying decidual tissues and their hormonal production has 
resulted from the inability of many investigators to distinguish 
decidual components from invading trophoblastic contaminants (1 


). 


The vascularization of the decidual component of the implantation 
site is critical to the developing gestation. The major branches of 
the uterine arteries extend deeply into the myometrial substance, 
resulting in arcuate arteries that then branch to form radial 
arteries. These become the spiral arterioles, the terminal 
components of the endometrial vasculature. These spiral vessels 
have been shown by injection studies to be responsible for the 
intervillous blood flow within cotyledonary units (73 ). The precise 


number of spiral arterioles that serve to perfuse the placenta is a 
debated topic. Estimates range from 25 to 300 vascular openings 
(74,75). 


Figure 43.62 Decidual vascular atherosis (A ) and concentric 
medial hypertrophy (B ) from a hypertensive gestation (HPS 
stain). 


That trophoblastic cells invade the underlying decidual vasculate is 
a well-known phenomenon. This finding has been documented 
within the decidual bed, as well as in systemic maternal vascular 
compartments, most notably the lung (76 ). It is important to 
distinguish these decidual vascular changes from those 
abnormalities of the decidual vasculature that indicate pathologic 
conditions. 


Gross inspection of the decidua is generally unrevealing, and 
important attributes and diagnoses are identified histologically. In 
through-and-through sections of the placenta disk, which includes 
the chorionic plate and the villous parenchyma, the underlying 


decidua is often denuded from the placental implantation site 
during the delivery process. Therefore, it is not uncommon to find 
sections of parenchyma devoid of decidual tissue. One region in 
which decidua is often prominent is on the chorion laeve. Sections 
of a€oemembrane rolls,a€* which include amnion and chorion, 
often include sections of adherent decidua, which represent fusion 
of the decidua capsularis and the decidua vera during 
development. In some patients in whom decidua abnormalities are 
suspect, decidual bed biopsies have been performed at the time of 
delivery. Such biopsies often reveal aberrant vascular relationships 
of the more proximal vascular tree (radial and basal arteries). The 
more proximal vessels are characterized by thicker vascular walls, 
and their arteries often have internal elastic laminae as evidenced 
by silver stains. The more distal arteries (the spiral arterioles) are 
thin walled and do not possess any internal elastic lamina. 


Histopathology 


Principal among decidual pathology is the so-called atherosis of 
the decidual vascular bed, which is known to accompany 
preeclampsia and hypertensive conditions of gestation (77 ). These 
lesions are characterized by fibrinoid necrosis and hyalinization of 
the vascular wall along with the deposition of foamy macrophages 
and should be readily distinguishable from normal trophoblastic 
vascular invasion. Another abnormality that may characterize 
hypertensive pregnancies is concentric arteriolar mural 
hypertrophy (Figure 43.62A, B ). 


Bleeding (retroplacental) is responsible for premature placental 
separation or abruptio placenta. This has been related to two 
maternal conditions: increased maternal blood pressure and 
decidual vascular necrosis (due to vasculopathies or inflammatory- 
bacterial decidual infections) (Figure 43.63 ). 


Figure 43.63 Decidual vascular necrosis, in this case due to a 
severe acute deciduitis. Note vascular wall hyalinization and 
necrosis, which resulted in adjacent abruptio (H&E stain). 
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When trophoblastic villi implant directly on myometrial tissue and 
intervening decidua is absent, the pathologic condition of placenta 
accreta is present (Figure 43.64 ). This finding is more common in 
low implantations of the placenta, especially when prior cesarean 
sections have been performed. Variations in which trophoblastic 
villi implanted within the myometrium (placenta increta) and when 
implantation results in the presence of villous tissue protruding 
through the uterine serosal surface (placenta percreta) are more 
severe forms of this condition. Generally, all placental tissue 
cannot be removed from the uterus at delivery and severe 
hemorrhage ensues. Heroic measures only rarely save the uterus 
and may increase morbidity due to persistant hemorrhage (and in 
latter stages bacterial infection) by delay of definitive therapy, 
which is hysterectomy. Occasionally, accreta are confirmed by 
studying the decidua of the chorion laeve. Failure of resolution of 
villi during capsular expansion may result in myometrial 
implantation without intervening decidua. Also occasionally, 
myometrium adherent to frondosum is found without intervening 


decidua. In both cases the diagnosis of accreta can be made by 
the pathologist in the absence of the hysterectomy specimen. 


Within the decidua attached to the delivered placenta rare 
leukocytes may be seen. If these cytological constituents are 
plasma cells, syphilis or CMV infection should be considered. 


In the absence of pathologic alterations (placental, maternal or 
neonatal) these rare leukocytes within the decidua are likely 
physiologic or nonspecific. 


More destinctive inflammatory processes involving the decidua are 
deciduitis and can be associated with inflammation elsewhere. 
Acute chorioamnionitis and acute or chronic villitis should be 
sought in the further examination of the placenta. 


Gestational Trophoblastic Disease 


Although the discussion of neoplastic trophoblastic disease is 
beyond the scope of this chapter, several normal or exaggerated 
findings of the implantation site or the placenta proper are 
discussed to distinguish them from more significant pathologic 
entities. 


Degenerative changes of early trophoblastic villi are not 
uncommon, especially in the presence of incomplete abortus 
material. Trophoblastic villi from such gestations are often seen in 
histologic sections to be swollen (hydropic). These findings are 
distinguished from the gestational trophoblastic neoplasm 
(complete hydatidiform mole) in several aspects. Principal among 
these distinguishing characteristics is that no trophoblastic atypia 
or proliferation is present along the surface of the villi (Figure 
43.65A, B ). When degenerative changes have taken place and 
fetal components are blighted, the chorionic vasculature may be 
absent within the villi. However, if remnants of these vessels 
persist, the presence of complete hydatidiform mole is essentially 
not possible. The ease of identifying nucleated hematologic 


precursors facilitates this observation. Furthermore, should any 
fetal parts be identified, this too excludes the presence of 
complete hydatidiform mole. On the other hand, hydropic villi in 
the presence of fetal parts may herald genotypically abnormal 
gestations. This form of 
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incomplete mole, which is rarely neoplastic, is characterized by 
scalloped trophoblastic borders and occasional trophoblastic island 
inclusions (representing tangential cuts of scalloped borders within 
the villous stroma) (Figure 43.66A, B). 


Figure 43.64 Placenta accreta. No decidua is present between the 
implanting trophoblastic villi and the uterine myometrium. The 
presence of small amounts of fibrin does not alter the diagnosis. 


Figure 43.65 Degenerative (nonneoplastic) focal hydropic 
degeneration (A ) and (neoplastic) complete mole (B ) with 
trophoblastic hyperplasia and atypia (C ) (H&E stain). 
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Figure 43.66 Triploid incomplete mole with scalloped 
trophoblastic borders (A ) and trophoblastic inclusions (B ), which 
are actually tangential cuts of scalloped borders (H&E stain). 


[E] 


É TN, p Ig 
’ A ae 


ARS 


Figure 43.67 Exaggerated implantation site (A ) and invading 
choriocarcinoma (B ) (H&E stain). 


m 


Abundant trophoblastic derivates, prominent within the nidus of 
the implantation site, may from time to time need to be 
distinguished from  choriocarcinoma. The so-called syncytial 
endometritisa€”a poor term because it is not an inflammatory or 
infectious conditiona€”refers to an exaggerated implantation site 
where syncytiotrophoblastic and other trophoblastic derivative 
counterparts are prominant (Figure 43.67A, B ). In the absence of 
included trophoblastic villi during examination, the histologic 
appearance is similar to that of invading choriocarcinoma. The 
chief distinction is the lack of pronounced cytologic and nuclear 
atypia that characterizes choriocarcinoma. 


Last, an unusual lesion that is neoplastic is the placental site 
trophoblastic tumor. This neplasm is composed solely of X cells 
(or, as described by Kurman et al. (55 ), intermediate 
trophoblasts) (Figure 43.68 ). 
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Figure 43.68 Placental site trophoblastic tumor (H&E stain). 
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Thyroid 


Maria Luisa Carcangiu 


Embryology 


The human thyroid first appears as a median anlage and two 
lateral anlagen. The median anlage develops in the floor of the 
primitive pharynx at the foramen cecum (a dimplelike depression 
at the base of the tongue) from a median ductlike invagination 
that grows caudally. This formation, known as the _ thyroglossal 
duct, contains at its base the developing thyroid gland, which is at 
first spherical but later, when approaching its final site in front of 
the trachea at about 7 weeks of gestation, becomes bilobed (1). 
During this downward migration, the thyroglossal duct undergoes 
atrophy, leaving as a vestige the pyramidal lobe in about 40% of 
individuals. Faulty downward migration of the medial anlage or 
persistence of parts of the thyroglossal duct gives rise to ectopic 
thyroid tissue, thyroglossal duct cysts, and cervical fistulae. 


The initially solid thyroid anlage begins to form cords and plates of 
follicular cells during the 9th week of gestation. Small follicles 
appear by the 10th week. Inside these primitive follicles, a finely 
granular material begins to collect, which by the 20th week 
acquires the morphologic features of colloid. By week 14 there are 
well-developed follicles with a central lumen containing colloid. 
Both the cytoplasm of the follicular cells and the intralumional 


colloid are thyroglobulin (TGB)-positive (Figure 44.1A, B). Labeled 
amino acid studies have shown that TGB synthesis actually begins 
at a much earlier stage, when the thyroid is still a solid mass at 
the base of the tongue and long before follicle formation and 
colloid secretion can be identified morphologically (2,3). 


PAX8, a transcription factor expressed in the adult mouse thyroid 
where it is involved in the maintenance of functional differentiation 
in follicular cells, has been demonstrated in the human median 
thyroid anlage, in the tyroglossal duct, and in the ultimobranchial 
bodies. 


Thyroid transcription factor-1 (TTF1), also is expressed in the 
median thyroid anlage (4,5). 
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Figure 44.1 Developing thyroid gland in a 14-week fetus. A. 
Rare primitive follicles are seen within a mostly solid 
proliferation. B. The cytoplasm of the follicular cells and the 


material contained in the lumen of the primitive follicles are 
immunoreactive for TGB. C. C cells, as seen in a CT 
immunostain preparation, are scattered within follicles. 


Immunohistochemically, ghrelin, a growth hormonea€“releasing 
hormone, has been shown in the follicular cells of fetal thyroid 
(from 8 to 38 weeks of gestational age) (6). Fetal thyroid stromal 
tissue is immunoreactive for galectin 1 but not for galectin 3 (7). 


The two lateral anlagen of the thyroid derive from the 
ultimobranchial bodies (UBBs), which in turn originate from the 
IVtha€“Vth branchial pouch complex. UBBs, while still connected to 
the pharynx, start their migration downward on each side of the 
neck together with the parathyroid IV anlage. At 7 to 8 weeks they 
separate from the pharynx and the parathyroid. Their lumens 
become obliterated by proliferating cells, so that at 8 to 9 weeks 
they appear as solid masses that fuse with the dorsolateral 

aspects of the median thyroid anlage and become incorporated 
into the developing lateral lobes (8). 


After its fusion with the medial thyroid (at 9 weeks to term) the 
UBB enters in the dissolution phase and divides into a central 
thick-walled stratified epithelial cyst and a peripheral component 
composed of cell groups dispersed among the follicles: the C cells 
(9,10) (Figure 44.1C). In postnatal life, the central epithelial cyst 
largely disappears, its occasional remnants corresponding to the 
so-called solid cell nests (SCNs). 


C cells are thought to derive from the neural crest and to migrate 
to the UBBs before the incorporation of the latter in the thyroid 
(11,12,13,14). Evidence for a relationship between UBBs and C 
cells comes from several sources: 


e Patients with Di George syndrome, characterized by complete 
or partial absence of derivatives of the Illrd and IVtha€“Vth 


pouch complexes, have C cells in their thyroid in only 25% of 
cases (15,16). 


e C cells are completely absent in thyroglossal duct remnants 
and cysts, as well as in lingual thyroid (17). 


e In the adult thyroid gland, C cells and follicles carrying such 
cells in their walls are especially numerous in the vicinity of 
the UBB remnants (17). 


There is some controversy as to whether the role of UBBs in 
thyroid development is limited to the production of C cells as 
described above or whether they also contribute to the follicular 
cell population. Williams et al. (18) described five cases of 
maldescent of the medial thyroid anlage in which cystic structures 
were present in the lateral neck in the region of the upper 
parathyroids. Four of these cystic structures contained intercystic 
glandular nodules composed of solid areas of irregularly 
distributed cells that stained positively for calcitonin (CT) and CT 
genea€“related peptide; these cells were intermixed with follicular 
structures that were immunoreactive for thyroglobin. On the basis 
of these observations, the investigators concluded that the UBB 
contributes both C cells and follicular cells to the 

P.1131 
thyroid gland, and they speculated on the possible role of UBB- 
derived cells in the genesis of so-called intermediate or mixed 
medullary and follicular carcinomas. This hypothesis, which was 
independently postulated by Ljungberg (17), is however 
contradicted by the observation that in humans with thyroid 
nondescent (or unilateral aplasia) there are no recognizable 
thyroid follicles in the usual locations (19). 


The fetal thyroid gland develops rapidly until the 4th month of 
intrauterine growth (crownâ€“rump length 18 mm). After birth the 
thyroid growth rate parallels that of the body, reaching the normal 
adult weight at around 15 years of age. 


Gross Anatomy 


The normal adult thyroid has a shape reminiscent of a butterfly, 
with two bulky lateral lobes connected by a thin isthmus. Each 
lateral lobe is 2 to 2.5 cm wide, 5 to 6 cm long, and 2 cm deep. 
Their upper and lower extremities (one having a pointed shape and 
the other featuring blunt contours) are referred to as upper and 
lower thyroid poles, respectively. One lobe may be larger than the 
other, and the isthmus may be exceptionally wide. The pyramidal 
lobe, a vestige of the thyroglossal duct, is found in about 40% of 
thyroids; it appears as a narrow projection of thyroid tissue that 
extends upward from the isthmus to lie on the surface of the 
thyroid cartilage. 


The thyroid gland is located in the midportion of the neck, where it 
is attached to the anterior trachea by loose connective tissue. The 
two lateral lobes surround the ventral and lateral aspects of the 
larynx and trachea, reaching the lower halves of the thyroid 
cartilage and covering the second, third, and fourth tracheal rings. 


The normal weight of the adult thyroid is 15 to 25 g in nongoitrous 
areas. However, there are significant individual variations, most of 
them related to gender, age, corporal weight, hormonal status, 
functional status of the gland, and iodine intake (20). In women, 
the thyroid volume is known to increase during the secretory 
phase of the menstrual cycle (21). 


A thin fibrous capsule invests the thyroid. Connected to this 
capsule are numerous fibrous septa that penetrate the thyroid 
parenchyma and divide it into lobules (so-called thyromeres). The 
microscopic integrity of the capsule was assessed in a study on 
138 thyroid glands from autopsies of adults (age 20a€“40 years) 
by Komorowski and Hanson (22). Although grossly all of these 
capsules seemed complete, microscopically they were focally 
incomplete in 62% of the cases. Furthermore, thyroid follicles 
were found within the thyroid capsule in 14% of cases and in the 


pericapsular connective tissue in 88%. In the latter location, they 
were mostly seen as nodular aggregates. 


The color of the normal thyroid is reda€“brown. A phenomenon 
exceptionally seen in normal thyroid glands of elderly individuals is 
the accumulation in the follicular cells of a melanin-like pigment 
that imparts to the gland a characteristic coal black stain, easily 
apparent on gross examination. The terms melanosis thyroid and 
black thyroid are used to refer to this phenomenon. These 
changes are qualitatively identical to those seen in more florid 
form in thyroids of patients on chronic minocycline therapy 
(23,24). 


Nodularity of thyroid parenchyma is identified grossly in about 
10% of the glands of endocrinologically normal individuals (25). 


The blood supply of the thyroid gland derives primarily from the 
inferior thyroid artery (which originates from the thyrocervical 
trunk of the subclavian artery) and the superior thyroid artery 
(which arises from the external carotid). A thyroidea ima artery 
also may be present, which varies widely in size from a small 
vessel to one the size of the inferior thyroid artery. The superior 
and medial thyroid veins and the inferior vein drain (via a venous 
plexus in the thyroid capsule) into the internal jugular and the 
brachiocephalic vein, respectively (26,27). 


An intricate lymphatic network permeates the thyroid gland, 
encircling the follicles and connecting the two lateral lobes through 
the isthmus. It empties into subcapsular channels, which in turn 
give rise to collecting trunks within the thyroid capsule in close 
proximity to the veins. The lymph vessels draining the superior 
portion of the thyroid lobes and isthmus collect into the internal 
jugular lymph nodes, whereas those draining the inferior portion of 
the gland collect into the pre- and paratracheal and prelaryngeal 
lymph nodes. The pretracheal lymph node situated close to the 
isthmus is also known as the Delphian node (28). Other lymph 
node stations are the recurrent laryngeal nerve chain and the 


retropharyngeal and _ retroesophageal groups. The anterosuperior 
mediastinal nodes are secondary to the recurrent laryngeal nerve 
chain and pretracheal groups; however, injection studies have 
Shown that dye injected into the thyroid isthmus can drain directly 
into the mediastinal nodes (29). 


Some correlations exist between the site of a thyroid tumor within 
a given lobe and the location of the initial lymph node metastasis. 
However, the degree of anastomosing between these various nodal 
groups is such that any of them can be found to be the site of 
disease regardless of the precise location of the primary tumor. 


Vasomotor nonmedullated postganglionic neural fibers originating 
from the superior and midline cervical sympathetic ganglia 
influence indirectly the secretory activity of the thyroid gland 
through their action on the blood vessels. In addition, adrenergic 
receptors in follicular cells and a network of adrenergic fibers 
ending near the follicular basement membrane have been 
demonstrated (30). It has been hypothesized, therefore, that 
thyroid secretion is regulated 
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both by direct neural signals and by indirect vascular nerve signals 
(31,32,33). A role for direct neural influences in the secretion of 
calcitonin (CT) and other C cellâ€“derived hormones is supported 
by the demonstration in chickens of a rich cholinergic network 
encircling the C cells (34). 


Figure 44.2 A. Low-power view of normal adult thyroid gland. 
The follicles have a round-to-oval shape. B. Elongated follicles 
as a result of compression are seen in the vicinity of an 
adenoma (not shown in this picture). 


Small paraganglia are normally present close to the thyroid and 
are occasionally found beneath the thyroid capsule; their presence 
explains the rare occurrence of peri- and _ intrathyroidal 
paragangliomas. 


Microscopic Anatomy 


The fundamental unit of the thyroid is the follicle, a round to 
Slightly oval structure lined by a single layer of epithelial cells 
resting on a basement membrane (Figure 44.2A). The lumen of the 
follicle contains colloid, a viscous material that is mostly composed 
by proteins secreted by the follicular cells, including TGB. The 
follicles, which are separated from each other by a loose 
fibroconnective tissue, have an average diameter of 200 Aum. 
Their size may vary even within the same gland depending on the 
functional status of the thyroid and the age of the individual. 
Variations in the shape of follicles exist, but elongated follicles are 


a feature of hyperplastic or neoplastic conditions or are the result 
of compression adjacent to an expansile mass (Figure 44.2B). A 
characteristic structure present in the normal thyroid but more 
often seen in hyperplastic conditions, is the Sanderson's polster. 
(See page 1136.) 


Figure 44.3 Clumps of condensed colloid within follicular 
lumina. 


The colloid, which is pale eosinophilic in the actively secreting 
gland, acquires a deeply eosinophilic staining quality in resting 
follicles. Often, numerous clumps with various shapes appear 
within the colloid of resting follicles, suggesting an artifactual 
coagulation-type phenomenon (Figure 44.3). In some follicles the 
colloid may have an amphophilic or basophilic staining quality, 
probably the result of an increase in the amount of acidic groups 
in the TGB molecule (Figure 44.4). In the most advanced 
expression 
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of this phenomenon, the intraluminal material acquires a distinct 
mucinlike appearance (Figure. 44.5). 


Figure 44.4 The colloid accumulated in these follicles exhibits 
different densities and tintorial qualities, the latter ranging 
from acidophilic to basophilic. 


Figure 44.5 The basophilic colloid present in most of these 
follicles contrasts with the more typical red colloid present in 
the follicles on the right upper corner. Inset: Alcian blue-PAS 
highlights the mucinous character of the basophilic colloid. 


The glycoproteic material present within the follicles stains for 
periodic acid-Schiff (PAS) and alcian blue and is immunoreactive 
for TGB. A row of small vacuoles is seen at the interface between 
follicular epithelium and the colloid in actively functioning glands; 
these are referred to as resorption vacuoles. In addition, it is not 
unusual to find a large round or oval clear space within the colloid; 
this often appears empty but it may contain birefringent calcium 
oxalate crystals (Seepage 1137.) 


Another morphologic variation of the colloid is represented by 
collections of round basophilic corpuscles clustering at one pole of 
the follicle. 


The epithelial glandular cells lining the follicle are known as 
follicular cells or thyrocytes; among them, there is a second 
cellular component known as C cells. 


Figure 44.6 A. The epithelium of one follicle is low cuboidal 
and relatively inactive. The adjacent follicle shows a taller 
epithelium and reabsorption vacuoles. B. The epithelium of the 
same follicle is flattened on one side and cuboidal on the 
other, as an expression of functional polarization. 


Follicular Cells 


The cells lining the folliclesa€”follicular cells or thyrocytesa€”show 
variations in their shape and size according to the functional 
status of the gland. Three major types, expressions of a 
morphologic continuum, are described: flattened (endothelioid), 
cuboidal, and columnar (cylindrical) (Figure 44.6A). Flattened cells 
are relatively inactive. Cuboidal cells (their height equaling their 
width) are the most numerous and their major function is to 
secrete colloid. The rarer columnar cells resorb the TGB-containing 
colloid, liberate the active hormones, and excrete these hormones 
into blood vessels; they may feature an apical cuticle, apical lipid 
droplets, and one or more basilar vacuoles (vacuoles of Bensley). 


Functional polarity is apparent at the level of the follicle and the 
follicular cell. A single follicle may have flattened cells on one side 
and cuboidal or low columnar cells on the other (Figure 44.6B), 
the best expression of this phenomenon being the already 
mentioned Sanderson's polster. 


At the cellular level, all follicular cells manifest a definite polarity, 
resting with their bases on the basement membrane and having 
the apexes directed toward the lumen of the follicle. Size and 
position of the nucleus and some components of the cytoplasm 
may vary considerably. In the resting thyroid, the nucleus is round 
or oval, is located toward the center of the cell, and usually 
contains one nucleolus that is eccentrically located. Its chromatin 
may be finely granular or clumped. In actively secreting cells, the 
nucleus is enlarged; because of the mostly apical enlargement of 
the cytoplasm, it acquires a basal position. The cytoplasm is 
usually weakly eosinophilic; only exceptionally in an otherwise 
normal thyroid, does it appear granular and intensely eosinophilic; 
that is, oncocytic (so-called Hurthle cells). In contrast to 
parathyroid cells, little or no intracytoplasmic glycogen is present. 
Occasionally, the 
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follicular cell cytoplasm contains a golden brown pigment of 
lipofuscin type (Figure 44.7A), which should be distinguished from 
the melanin-like pigment already mentioned (Figure 44.7B). 


Figure 44.7 A. Lipofuscin in the cytoplasm of the follicular 
cells. B. Granular black pigment in the follicular epithelium and 
colloid of the thyroid of a 73-year-old patient who was not on 
minocycline therapy. 


Ultrastructurally, the follicular cells are arranged in a single layer 
around the colloid and rest on a basement membrane, 
approximately 35 to 40 nm in thickness, that separate them from 
the interstitial stroma. Microvilli emanate from the surface of the 
cells, their number being increased and their length greater in 
actively functioning cells. Cell membranes of adjacent cells 
interdigitate in a complex fashion and are joined by junctional 
complexes toward the apex (35,36). The cytoplasm contains 
variable amounts of endoplasmic reticulum, mitochondria of 
usually small size, and lysosomes. When the number of 
mitochondria is highly increased, the cell acquires at the light 
microscopic level an intensely eosinophilic granular cytoplasmic 
appearance (corresponding to the above mentioned Hurthle cells). 


Immunohistochemistry 


A wide variety of markers with various degrees of specificity and 
diagnostic significance are expressed by the normal adult follicular 
cells. 


Thyroglobulin (TGB) 


This is the most specific immunohistochemical marker for normal 
follicular cells and the tumors composed of them. It can be 
demostrated with either monoclonal or polyclonal antibodies and 
the reactivity is both in the cytoplasm and in the colloid (37,38). 
Oncocytes show a much lesser degree of positivity. Despite its 
high specificity, TBG can give rise to a common pitfall. Because of 
its tendency to leak out of the cytoplasm of the follicular cells and 
to diffuse into the adjacent tissues, where it can then be 
incorporated into the cytoplasm of other types of cells (e.g., 
metastatic carcinoma), it can cause a false positivity (39). 


Thyroid Transcription Factor-1 (TTF-1) 


This is another very useful marker for thyroid follicular cells and 
tumors composed of them. This nuclear transcription factor, first 
identified in thyroid follicular cells and later in pneumocytes, is 
necessary for the development of thyroid and pulmonary tissues. 
In the normal adult thyroid its distribution is related to that of 
thyroglobulin and thyroperoxidase (40,41). 


Keratins 


Normal follicular cells are immunoreactive only for low-molecular- 
weight keratin, whereas high-molecular-weight types have been 

found to be expressed in inflammatory and neoplastic conditions 

(42,43,44). 


Vimentin 


Some normal follicular cells occasionally express this intermediate 
filament in conjunction with keratin, although less commonly than 
in neoplastic conditions (45). 


Epithelial Membrane Antigen (EMA) 


Follicular cells are variably positive, with accentuation of the cell 
membranes. 


Triiodothyronine (T3) and Thyroxine (T4) 


These hormones can be detected immunohistochemically both in 
the cytoplasm of the follicular cells and in the intraluminal colloid 
but their use for diagnostic purposes is negligible. 


Estrogen and Progesterone Receptors 


Estrogen and progesterone receptors positivity, restricted to the 
follicular cell nuclei, shows some correlation with the age and sex 
of the individual (46,47). 
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S-100 protein 


This marker, which is mainly detected in inflammatory/hyperplastic 
and neoplastic thyroid conditions, is only focally and weakly 
expressed by normal follicular cells (48,49). 


Epidermal Growth Factor Receptor (EGFR) 


In normal follicular cells, and because of their functional 
polarization, the location of this receptor is mainly basal or 
basolateral (50). 


Thyroid Peroxidase 


This enzyme is responsible for the oxidation of iodide to iodine. At 
the immunohistochemical level it shows a pattern of staining 
correlated with the age of the individual. A cytoplasmic pattern of 
staining with apical membrane accentuation is seen in children and 
young adults, and a perinuclear ring distribution is seen in older 
individuals (51). 


Sodium lodide Symporter 


At the immunohistochemical level this molecule, responsible for 
the active iodide intake into the follicular epithelium, is localized 
mainly to the lateral basal portion of the cells (52,53). 


Physiology 


The main function of the thyroid gland is the production of thyroid 
hormones, the most important being thyroxin (T4) and 
triiodothyronine (T3). These hormones regulate metabolism, 
increase protein synthesis in every tissue of the body, and 
increase O2 consumption. Thyroid hormones are particularly 
important for body development and for the normal maturation of 
the central and peripheral nervous system. 


Steps in thyroid hormone biosynthesis include ingestion of iodine 
ions from water and food, their absorption and transport as iodide 
into the extracellular fluid and their concentration within the 
thyroid where their intracellular levels are 30 times higher than in 
peripheral blood. The active iodide uptake across the basement 
membrane is mediated by human sodium iodide symporter (hNIS) 
in a process coupled with the flow of sodium (52). The 
intrathyroidal iodide is then oxidized to iodine. This last step is 
dependent on the action of iodide peroxidase, which oxidates the 
iodine ion to a highly reactive form of iodine, which in turn binds 
to tyrosine. The results are monoiodotyrosine (MIT) when one 


iodine molecule is attached, or diiodotyrosine (DIT) when two 
iodine molecules are attached. The iodotyrosine residues are 
condensed to form the biologically active thyroid hormones 
thyroxin (T4) and triiodotyronine (T3). Thyroxin results from the 
coupling of two molecules of DIT, and triiodotyronine from the 
coupling of one molecule of MIT with a molecule of DIT (33). 


Thyroid hormones are stored in TGB, with numerous iodinated 
tyrosine residues, including biologically active T4 and T3. TGB, a 
large protein with a 19 S sedimentation coefficient and a molecular 
weight of 670,000, is formed by two identical subunits with a 12 S 
sedimentation coefficient to which many oligosaccharides are 
linked. Variations in the sugar chains of the thyroglobulin molecule 
have been evaluated by analysis of reactivity to various lectins 
and found to differ between the normal gland and various 
pathologic states, including neoplasms (54). 


Thyroglobulin is encoded by a gene spreading over more than 200 
kilobases in the bovine genome (55). The molecular mechanisms 
involved in the tissue-specific and hormone-dependent expression 
of the thyroglobulin gene have been studied in follicular cells in 
primary cultures and cell lines (56,57). TGB is collected at the 
center of the thyroid follicles and is the main constituent of 
colloid. 


Ultrastructural studies have correlated the morphologic changes 
that accompany thyroid hormone production and secretion. The 
synthesis of TGB begins in the endoplasmic reticulum and 
continues in the Golgi apparatus, where the end sugars of the 
carbohydrate site are incorporated; it is then packaged in small 
apical microvesicles, the contents of which are discharged into the 
follicular lumen after fusion of the vesicle membranes with the 
luminal side of the plasma membrane. 


Resorption of TGB takes place through cytoplasmic pseudopodia 
(streamers) that engulf minute portions of colloid, which are then 
drawn into the cell in the form of membrane-bound colloid 


droplets. These subsequently fuse with lysosomes, and their 
content is digested by the lysosomal enzymes (58,59,60,61). The 
breakdown products, including T3 and T4, diffuse in the blood 
stream, where they are transported primarily by the specific 
Carrier protein, thyroxin-binding globulin (TBG). TBG normally 
transports more than 70% of thyroid hormones. Approximately 
20% of circulating thyroid hormones is carried by transthyretin 
(prealbumin) and albumin (62). Only a small portion of circulating 
thyroid hormones (approximately 0.05% of T3 and 0.015% of T4) 
is unbound and, therefore, biologically active. Free, circulating, 
biologically active T3 and T4 are in equilibrium with the hormones 
bound to the carrier proteins. The amount of circulating T4 is 
much larger than that of T3; however, T3 is about four times more 
active biologically; as a result, the final contribution of T3 to the 
biologic activity of thyroid hormones equals that of T4 (63). 


Thyroid hormones stimulate metabolism, increase oxygen 
consumption, and cause a rise in heat production, cardiac output, 
and heart rate. They are essential for normal development, 
growth, and maturation. The acceleration of growth may result 
from a direct action on the cells to increase their rate of division, 
by acting permissively for other hormones, or by inducing the 
synthesis of a variety of growth-promoting hormones 
(58,62,64,65,66,67,68). 
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Thyroid biosynthetic and secretory activities are controlled by the 
blood level of thyroid stimulating hormone (TSH), a glycoprotein 
synthesized and secreted by the anterior pituitary gland (69). TSH 
binds to a specific receptor located on the basolateral surface of 
the follicular cell membrane, and by activating the adenylate- 
cyclase pathway regulates the complex mechanism responsible for 
T3 and T4 synthesis (70,71). 


Stimulation of the thyroid gland by thyrotropin increases its 
secretory activity and vascularity and results in both hypertrophy 


and hyperplasia of follicular cells, accompanied by reduction of 
colloid storage. At the functional level, this is reflected by an 
increase in iodide concentration and organic binding, hormone 
synthesis, and hormone secretion (63,72). TSH release is in turn 
regulated by a tripeptide secreted by the hypothalamus, 
thyrotropin releasing hormone (TRH). TSH and TRH release are 
regulated by the circulating levels of free T3 and T4, via a 
negative feedback on the pituitary and hypothalamus (low levels of 
free T3 and T4 stimulate the release of TSH and TRH). In contrast, 
TSH and TRH releases are inhibited by high levels of circulating 
free T3 and T4 (69,72,73). 


Microscopic Variations 


Sanderson's Polster 


A characteristic structure, present in the normal thyroid but 
accentuated in hyperplastic conditions, is the so-called 

Sanderson's polster. This refers to an aggregate of small follicles 
lined by flattened epithelium and covered by an undulating layer of 
columnar epithelium that is seen bulging into the lumina of larger 
follicles (Figure 44.8). This perfectly benign and to some extent 
physiologic change, most likely the morphologic expression of the 
functional polarization of the thyroid follicle, needs to be 
distinguished from papillary microcarcinoma. 


Figure 44.8 Sanderson's polster protruding into the lumen of 
a follicle. 


Granulomas 


Granulomas are a relatively common finding in otherwise normal 
Surgically resected thyroids and in autoptic specimens. Both 
foreign material and colloid may elicit this process. Suture 
material is the most frequent cause of formation of granulomas in 
completion thyroidectomy specimens. Larger foreign body 
granulomas sometimes clinically simulating a thyroid nodule have 
been reported in thyroids of patients who underwent laryngeal 
injection of Polytef (polytetrafluoroethylene) (74,75). This material 
may migrate through the lymphatics into adjacent tissues, where it 
may start the inflammatory process. 


Rarely, interstitial granulomas are seen as a reaction to oxalate 
crystals that have been released by broken follicles (76). 


Granulomatous lesions originated by the rupture of follicles and 
their invasion by macrophages and leukocytes as a reaction to the 
extruded colloid are a common incidental finding in surgically 


resected thyroids. Carney et al. (77) referred to this process as 
palpation thyroiditis (and also as multifocal granulomatous 
folliculitis) and attributed it to the minor trauma resulting from 
physical examination. Support for this interpretation comes from 
the observation that the number and size of the granulomas is 
related to the intensity of the palpation and the fact that similar 
changes have been described in individuals engaged in martial arts 
(so-called martial-arts thyroiditis) (77,78). 


Grossly, a gland affected by palpation thyroiditis appears normal 
or shows tiny foci of hemorrhage. Histologically, multiple small 
granulomas centered in a disrupted follicle and composed of 
histiocytes, lymphocytes, and plasma cells are seen scattered in 
the thyroid gland (Figure 44.9A). Some of the histiocytes are 
foamy, while others have the appearance of multinucleated giant 
cells. The appearance depends on the stage of the process, a 
common picture being a cluster of foamy macrophages hanging 
from the follicular epithelium into the lumen (Figure 44.9B). 
Necrosis, hemosiderin, and iron deposition are seen only rarely. 
Sometimes up to four or five follicles are involved in a single 
granuloma. 


Immunohistochemically, most of the lymphocytes are T cells; 
among the plasma cells, K-positive cells predominate (79). 


Palpation thyroiditis seems to represent a variation in the theme of 
colloidophagy, a process described many years ago and 
characterized by a granulomatous reaction to colloid in follicles 
allegedly undergoing spontaneous rupture in thyroids affected by 
goiter or thyroiditis (80). 


Palpation thyroiditis needs to be distinguished from interstitial 
giant cell thyroiditis (in which the granulomas are centered not in 
the follicles but in the interstitium), necrotizing granulomas 
following surgical procedures (similar to those more commonly 
seen in the bladder and the prostate and characterized by a 
central area of necrosis surrounded by a palisading of epithelioid 


cells), and aggregates of C cells (which are immunoreactive for 
CT) (81,82). 


Figure 44.9 Palpation thyroiditis. A. The thyroid follicle in the 
center is packed with histiocytes and other inflammatory cells, 
with a clump of residual colloid in the center. The follicular 
epithelium is barely discernible. B. In this case the follicle is 
only partially involved. Inflammatory cells and desquamated 
follicular cells protrude into the lumen. 
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Crystals 


Anisotropic crystals of calcium oxalate may be present within the 
colloid in normal adult thyroid glands. They may be seen in 
ordinary light, but are more easily identified under polarized light 
(Figure 44.10). Their shape varies from rhomboid to irregular 
plaques and their size shows wide variations (83). 


In autoptic studies they have been found with a frequency of up to 
85% of thyroids examined (84). Their number appears to increase 
with age; this, together with the observation that the crystals 
have been found more frequently in colloid with low positivity for 


TGB, has prompted the suggestion that they result from variations 
in colloid and calcium concentration in the gland secondary to a 
low functional state of the thyroid (83,84,85). 


In one study the number of crystals was markedly elevated in 
glands with subacute thyroiditis, where they were found in the 
giant cells, in remnants of colloid, and in the thyroid stroma. In 
the same study crystals were identified only rarely in thyroids with 
chronic thyroiditis or glandular hyperplasia (86). 


Figure 44.10 Multiple birefringent calcium oxalate crystals 
are seen in the lumina of normal thyroid follicles (polarized 
light). 


Oxalate crystals in the thyroid are also seen in large number in 
patients undergoing dialysis for renal failure. In this setting, the 
thyroid is just another site of oxalate deposition, together with the 
kidney, myocardium, and other sites (87). Rarely, crystals 
released by follicular breakdown may elicit a granulomatous 
reaction in the nearby thyroid stroma (76). 


At the time of frozen section, their identification within a follicular 
structure can be useful in distinguishing thyroid from parathyroid 


gland tissue (88). 


Squamous Metaplasia 


Benign squamous cells occur as an expression of squamous 
metaplasia of follicular cells in various benign and malignant 
thyroid lesions and, under exceptional circumstances, in an 
otherwise normal thyroid (89,90,91). They need to be 
distinguished from transversally cut follicles and from the SCNs of 
UBB derivation. It also should be mentioned that squamous 
epithelium is regularly observed as a component of the epithelium 
of thyroglossal duct cysts. 


C CELLS 


C cells (parafollicular cells) represent a minor component of the 
thyroid gland. It has been estimated that they comprise not more 
that 0.1% of the glandular mass. They have a neuroendocrine 
function, being responsible for the production of the peptide 
hormone CT. The term a€oeC cellsa€* was introduced by Pearse 
(92) to underline their role in secreting and storing this hormone. 
More recently, other hormones have been found to be produced by 
C cells, but only in small quantity and not in every cell. 


C cells are identified only with difficulty in sections stained with 
hematoxylin and eosin, where they appear polygonal and with a 
granular weakly eosinophilic 
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cytoplasm that is larger and paler than that of follicular cells. The 
nucleus is round to oval, pale, with a centrally located nucleolus. 


C cells are located, individually or in small groups, within thyroid 
follicles. Specifically, most are found at the periphery of the 
follicular wall (hence the qualifier parafollicular), within its 
basement membrane and without contact with the follicular lumen. 
Electron microscopy has shown that C cells occupy an 


intrafollicular (rather than interfollicular) position, and that they 
are separated from the thyroid interstitium by the follicular basal 
lamina. The presence of C cells in the interfollicular stroma has 

never been convincingly demonstrated ultrastructurally (93). 


Occasional C cells have prominent cytoplasmic processes that 
extend beyond the adjacent follicular cells. In normal adults and 
neonates, C cells are restricted to the midupper and upper thirds 
of the lateral lobes of the thyroid, in the area where UBBs (from 
which they derive) fuse with the thyroid median anlage. The 
number of C cells varies with the development of the gland, being 
more numerous in early age. In one study, up to 100 C cells per 
low-power field were demonstrated in neonates and children; 
whereas in adults only a maximum of 10 cells per low-power field 
were counted (94). In another study, no difference in the number 
of C cells was found between young and middle-aged groups, but 
in the elderly the number of such cells was variable, with groups 
of up to 20 or more cells sometimes being observed (95). 
However, no statistically significant differences among the various 
age groups in adults were demonstrated. Other studies have since 
confirmed that normal adult thyroid glands may contain numerous 
C cells, sometimes in the form of small nodules (22,96) (Figure 
44.11). Gibson et al. (96) Suggested that such clusters of C cells, 
in the absence of disturbances in calcium metabolism and of a 
family history of medullary carcinoma, do not constitute a 
precursor of medullary carcinoma but may be instead the 
expression of either a partial failure of embryonic C-cell migration 
and dispersion within the gland or of age-related hyperplasia. It 
needs to be mentioned that C-cell hyperplasia of presumed 
reactive nature has been observed in the immediate periphery of 
nonmedullary thyroid neoplasms (97,98), in association with 
lymphocytic thyroiditis (99,100,101), and in secondary 
hyperparathyroidism (102). As already mentioned, C cells tend to 
aggregate in the vicinity of SCNs. 


Figure 44.11 Clusters of C cells in the thyroid of an elderly 
individual with no known clinical or laboratory evidence of 
calcium disturbance. 


The main ultrastructural characteristic of C cells is the presence of 
secretory granules, which range in diameter from 60 to 550 nm 
(103). Two main types of granules have been identified. Type | 
granules have an average diameter of 280 nm and a moderately 
electron-dense, finely granular content which is closely applied to 
the limiting membranes of the granules. Type IlI granules are 
smaller (average diameter of 130 nm) with a more electron-dense 
content, which are separated from the limiting membranes by a 
small but distinct electron-lucent space. Most normal C cells are 
filled with type | secretory granules, with no or few type II 
granules. Immunocytochemical studies performed at the 
ultrastructural level have shown that both type | and II secretory 
granules contain immunoreactive CT (104). 


Histochemistry and 
Immunohistochemistry 


Histochemically, normal C cells are characterized by the following: 
Argyrophilia 


e In sections stained with argyrophil techniques such as the 
Grimelius reaction or analogous stains, the cytoplasm of the C 
cell is characterized by the deposition of fine silver-positive 
granules (103). 


Lead hematoxylin 


e The cytoplasm of C cells is selectively stained by this type of 
hematoxylin (105). 


Toluidine blue and coriophosphine O 


e These dyes confer marked metachromasia to C cells after acid 
hydrolysis of tissue sections (105). 


Lectin Ulex europaeus agglutinin | 


e Selective reactivity to this marker has been demonstrated 
(106). 


e These methods, widely used in the past for the identification of 
C cells, have been largely replaced by the use of 
immunohistochemical techniques. 


Immunohistochemically C cells have been found to be reactive to: 


e Calcitonin (Figure 44.12) (103,104,107,108). 
e Calcitonin genea€“related peptide (CGRP) (109) 
e Katacalcin (110) 


e Somatostatin (111,112,113), substance P (114), helodermin 
(115) and gastrin-releasing peptide (116,117). A small 
proportion of CT-positive cells are also positive for these 


neuropeptides. 


e Thyrotropin-releasing hormone. In some species, C cells have 
been found to contain this hormone as detected 
immunohistochemically (118). 


e Serotonin and other biologically active amines (119). 


e Cytokeratins. C cells are immunoreactive only for low- 
molecular-weight keratin. 


e Pan-endocrine markers, such as neuron-specific enolase, 
chromogranin A, and synaptophysin (120). 


e Carcinoembryonic antigen (CEA) (103). 
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Figure 44.12 Immunoperoxidase stain for CT demonstrates C 
cells within follicles, arranged either individually or in small 
groups. 


It is possible that neuroendocrine cells other than C cells exist in 
the thyroid and that they represent the cells of origin of the rare 
thyroid â€œneuroendocrine carcinomasa€* having histologic and 


immunohistochemical features different from those of medullary 
carcinoma. 


Physiology 


CT is a 32a€“amino acid peptide whose main function is the 
regulation of the level of calcium in the plasma by a feedback 
mechanism. This is brought about by the inhibition of osteoclastic 
activity. When calcium plasma levels are increased, CT is released 
from the thyroid. CT also acts in the kidney to enhance the 
production of vitamin D. 


The major physiological role of CT is most likely the protection of 
the skeleton during periods of calcium stress such as growth, 
pregnancy and lactation (121). However, absence of CT is not 
associated with hypercalcemia, nor does a marked excess of the 
hormone (as seen in patients with medullary thyroid carcinoma) 
produce hypocalcemia. In addition to calcium, both gastrin and 
cholecystokinin induce the secretion of CT, as does the chronic 
administration of estrogenic hormones. 


The CT gene is located on the short arm of chromosome 11 and 
consists of six axons that encode katacalcin (C-terminal flanking 
peptide) and CGRP (110,121,122). The primary transcript of the 
CT gene gives rise to two different mRNAs by tissue-specific 
alternative splicing events, leading to the production of CT and 
CGRP mRNAs. The CT-CGRP gene is expressed both in thyroid and 
nervous tissues, but CT is produced in large quantities only in the 
thyroid. 


In normal male adults, basal CT levels range from 3 to 36 pg/ml 
(0.9 to 10.5 pmol/L). Plasma levels in females range from 3 to 17 
pg/ml (0.9 to 5.0 pmol/L). Normal values after pentagastrin 
stimulation are less than 106 pg/ml (30.9 pmol/L) for males and 
less than 29 pg/ml (8.5 pmol/L) for females. 


Katacalcin, the C-terminal flanking peptide of CT, is a 21a€“amino 


acid peptide that is cosecreted with CT in equimolar amounts 
(110). Its function, however, is unknown. CGRP is a 37a€“amino 
acid peptide that is an extremely potent vasodilator and also 
serves a neuromodulator or neurotransmitter function (121). 


Stroma 


Lymphocytes 


In thyroids surgically resected because of a mass, it is not 
uncommon to observe in the interstitium of the normal portion of 
the gland a few collections of lymphocytes, sometimes admixed 
with rare plasma cells. Simple chronic thyroiditis and focal 
lymphocytic thyroiditis are the names given to this process that 
most likely does not represent a nosologic entity but rather the 
epiphenomenon of etiologically different conditions. Similar 
changes may in fact be seen in the proximity of neoplasms, in 
thyroids of patients taking lithium, or in individuals who have 
received low-dose external radiotherapy (123). 


Fibrous Tissue 


The usually thin fibrous septa that separate the thyroid lobules 
may exhibit microscopic variations. In a study on normal thyroids 
collected at autopsy from young adults, Komorowski and Hanson 
(22) found that 8% of the thyroid glands showed extensive 
fibrosis. According to their description, dense and largely acellular 
collagen fibers divided the thyroid into small nodules, giving it an 
appearance akin to micronodular cirrhosis of liver. 


Another change that may occur in the interstitium, albeit rarely, is 
so-called multifocal sclerosing thyroiditis. It is characterized 
histologically by numerous microscopic foci of stellate-shaped 
fibrosis composed of cellular fibroblastic tissue frequently 
entrapping few thyroid follicles in the center. Even if at low power 


the individual lesions appear similar to those of papillary 
microcarcinoma, the epithelial component of such lesions lack the 
cytoarchitectural features of a papillary neoplasm (Figure 44.13A, 
B). Furthermore, the number of lesions in multifocal sclerosing 
thyroiditis greatly exceeds that seen in the usual case of papillary 
microcarcinoma. The etiology and pathogenesis of this process are 
not known. 


Figure 44.13 A. Multifocal sclerosing thyroiditis. On low 
power, the appearance resembles that of a papillary 
microcarcinoma. B. At higher power, the follicles entrapped in 
the fibrosis are irregularly shaped but do not show any of the 
cytologic features of papillary carcinoma. 
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Adipose Tissue and Skeletal Muscle 


Thyroid stroma may undergo adipose metaplasia, resulting in the 
presence of islands of mature adipose tissue between follicles 
(Figure 44.14). Mature fat also occasionally may be seen in 
proximity to the thyroid gland capsule, its presence in this location 
most likely resulting from the close relationship of fat and thyroid 


tissue during fetal life (124). 


Other tissues that grow in close proximity to the thyroid gland 
during their development and that can be found within the capsule 
of adults are cartilage and muscle. 


In one study, striated muscle was found within the thyroid 
parenchyma of 19 glands, usually in the region of the isthmus or 
in the pyramidal lobe of the gland (22). Conversely, in 10 
specimens thyroid follicles were found within fascicles of strap 
muscle from the same areas (Figure 44.15). Follicles entrapped in 
perithyroidal skeletal muscle are more easily identifiable when 
they undergo hyperplastic changes (125). 


Figure 44.14 Adipose metaplasia of thyroid stroma. Mature 
adipocytes are seen between follicles. 


Calcification 


Dystrophic calcifications may be seen in normal thyroid of old age, 
particularly in relation to vessels. They can easily be distinguished 
from psammoma bodies because of the lack of laminations and the 


irregularity of their contours. 


Psammoma bodies rarely have been described in benign thyroid 
lesions but not in normal thyroids (126,127,128). Finding 
psammoma bodies in an otherwise normal thyroid or in a cervical 
lymph node should always prompt a careful search for an occult 
papillary carcinoma (Figure 44.16). 


Branchial Poucha€“Derived and Other 
Ectopic Tissues 


Branchial pouch-related structures are found within the thyroid in 
various forms: solid cell rests (a remnant of the 
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ultimobranchial body or branchial pouch complex IVa€“V), 
epithelium-lined cysts, parathyroid glands, thymic tissue, salivary 
glanda€“type tissue, and heterotopic cartilage. 


Figure 44.15 Clusters of thyroid tissue intimately admixed 
with bundles of skeletal muscle adjacent to the thyroid gland. 


Figure 44.16 Psammoma body in nonneoplastic thyroid tissue 
adjacent to a papillary carcinoma (not shown in the picture). 


Solid Ultimobranchial Body Remnants 
(Solid Cell Nests) 


So-called solid cell nests are clusters of epithelial cells 
interspersed among the follicles. Because they may exhibit 
squamous differentiation, they have sometimes been 
misinterpreted in the past as foci of squamous metaplasia in 
follicles (91). However, a UBB origin, for what in retrospect are 
clearly the same formations, had already been suggested by 
Erdheim in 1904 (129) and Getzowa in 1907 (130), following their 
demonstration of clusters of epithelial cells with solid or rarely 
cystic appearance in individuals with thyroid aplasia. Additional 
evidence along these lines was provided by the demonstration of 
marked similarities of human SCNs with the normal UBB of the rat 
and the hyperplastic or neoplastic UBB remnants in bulls 
(131,132,133). 


Figure 44.17 Cartilage island is seen in the proximity of 
SNS: 


SCNs are relatively common in normal thyroid, the probability of 
finding them increasing with the number of sections examined. In 
one study, SCNs were found in only 3% of routinely examined 
thyroids but in as many as 61% of Specimens when the gland was 
blocked serially at 2- to 3-mm intervals (134). For unknown 
reasons SCNs are more common in males than in females. Most 
SCNs measure an average 0.1 mm in diameter, but occasionally 
they can reach 2 mm or more. They may be single or multiple. 
They are usually surrounded by stroma and more or less 
demarcated by the adjacent thyroid follicles. Adipose tissue and 
cartilage may be present in their vicinity (Figure 44.17). Most 
SCNs are found along the central axis of the middle and upper 
third of the lateral lobes (i.e., in the same area where C cells 
usually occur); this constitutes additional proof for their origin 
from the UBB, as it does the fact that the number of C cells is 
increased in the vicinity of SCNs (135,136). 


SCNs are often grouped in clusters featuring a multilobed shape on 
low-power examination (Figure 44.18A). They have a dual cell 


population. The main component is made 
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up of cells of polygonal-to-oval shape, elongated nuclei with finely 
granular chromatin, and acidophilic cytoplasm. Some of these cells 
show clear-cut squamous differentiation. _!mmunohistochemically, 
they are reactive for high- and low-molecular-weight keratins, 
carcinoembryonic antigen (CEA) and p63 (Figure 44.18B). 
Ultrastructurally they feature bundles of tonofilaments, 
desmosomes, and intraluminal cytoplasmic projections 
(137,138,139). The positivity for p63 (a p53 homolog that is 
expressed in basal/stem cells of stratified epithelia), together with 
the expression of basal cell-type keratins (Such as 34betaE12), 
telomerase and bcl-2, is compatible with a basal/stem cell 
phenotype for this cellular component (140,141). The second cell 
population, numerically less conspicuous, is characterized at the 
light microscopic level by clear cytoplasm and round nuclei, at the 
ultrastructural level by dense-core secretory granules, and at the 
immunohistochemical level by immunoreactivity to CT, CGRF, and 
chromogranin (135,137,138,142). All of these features are 
indicative of a C-cell nature for this population and constitute a 
further link between SCNs and the UBBs. Cystic cavities containing 
acid mucin are frequently observed in association with SCNs (see 
next section). A variation in the theme is represented by the 
admixture of SCNs (pure or admixed with a cystic component) with 
groups of small follicles lined by low cuboidal TGB-immunoreactive 
epithelium, forming the so-called mixed follicles (Figure 44.19). 
The fact that a similar admixture is seen in mixed medullary- 
follicular carcinomas has led some investigators to suggest that 
these rare tumors may arise from uncommitted stem cells of the 
UBBs that have the potential to differentiate into C cells, follicular 
cells, or both (143). 


Figure 44.18 A. Low-power view shows the multilobed shape 
often exhibited by groups of SCNs. B. SCN in normal thyroid. 
Note the uniform appearance of the epithelial cells. Inset: 
Strong nuclear immunoreactivity for p63. 


Figure 44.19 So-called mixed follicle. An SCN merges with a 
follicle lined by a flattened epithelium with colloid in the 
lumen. 


Figure 44.20 Tangential cut of a follicle. This should not be 
misinterpreted as an SCN. 


SCNs need to be distinguished from collections of C cells, follicles 
with squamous metaplasia, and tangential sections of normal 
follicles (Figure 44.20). 


Cystic Ultimobranchial Body Remnants 


UBB remnants also may take the form of cysts. These occur most 
commonly in the soft tissues of the neck adjacent to the thyroid. 
Indeed, it is possible that some of the clinically evident branchial 
pouch cysts located in close proximity to the thyroid gland and 
sometimes confused clinically with thyroid lesions or lymph nodes 
are of UBB origin. 


Cystic UBB remnants may also develop within the thyroid itself 
(144). In the latter instance, they may occur by themselves, may 
be adjacent to SCNs, or may be intimately admixed with them 
(Figure 44.21). The cysts are lined most frequently by a flattened 
multilayered epithelium of squamous type, and less commonly by a 
ciliated columnar epithelium (Figure 44.22) and often contain 


clumps of eosinophilic material in their lumen. They are especially 
common in neonates. Cystic UBB remants may have an associated 
lymphoid component (lymphoepithelial cysts) and are more 
commonly seen in glands with Hashimoto's thyroiditis 
(145,146,147,148). Pancreatic tissue, a representative of foregut 
remnants, has been described in the wall of perithyroidal epithelial 
cysts by Langlois et al. (149). 


Figure 44.21 SCN with associated cystic formation. A dense 
eosinophilic material fills the lumen of the cyst. 


Figure 44.22 A. Intrathyroidal cyst of probable branchial 
pouch derivation. B. Higher-power view showing ciliated 
epithelium. 
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Parathyroid Tissue 


The development of the parathyroid glands and the thymus from 
the branchial pouches in close proximity to the thyroid gland 
explains why these organs occasionally may be found adjacent to 
the thyroid capsule or even within the thyroid itself (Figure 
44.23). 


True intrathyroidal parathyroid glands in adults are rare. However, 
in a study where 58 human fetal thyroid glands obtained at 
autopsy were systematically studied for the presence of 
intrathyroidal parathyroid tissue, the latter was found in 13 
thyroid lobes from 12 fetuses (22.4%). It was located 
Subcapsularly in nine of 58 cases (15.5%), and it was lying deep in 
thyroid tissue in four (68%) (150). These intra- and _ perithyroidal 
parathyroid structures can be affected by primary or secondary 
chief cell hyperplasia, adenoma, or carcinoma and represent an 


often overlooked cause of surgical failure in primary 
hyperparathyroidism (151). 


Thymic Tissue 


Most of the thymus derives embryologically from the third 
branchial pouch, together with the lower pair of parathyroid 
glands. There is also a small and inconstant portion that derives 
from the fourth branchial pouch together with the upper pair of 
parathyroid glands and the UBB, which form the lateral thyroid 
anlage. It is from the latter source that the islands of thymic 
tissue occasionally found in or around the thyroid are thought to 
derive (Figure 44.24) (152). The fact that ectopic thymic tissue is 
observed more frequently in neonates and infants supports this 
hypothesis. Harach and Vujanic (153) searched systematically for 
the presence of intrathymic tissue in 58 thyroid glands obtained at 
autopsy from fetuses with proven retrosternal thymus. 
Subcapsular thymic tissue was found in two cases (3.4%) and 
intrathyroid thymic tissue in one (1.7%). An entire thymic gland 
within the thyroid of an infant has been described by Neill (154). 
Mizukami et al. (155) reported thymic tissue in the interlobular 
septum of the thyroid of a patient with Graves disease. Damiani et 
al. (156) found thymic rests in 1.4% of 2,575 adult thyroid glands 
that they examined. 


Figure 44.23 Parathyroid gland entirely located within 
thyroid. 


Ectopic thymic tissue may show cystic changes and present 
clinically as a cystic neck mass. It also may be the source of peri- 
and intrathyroidal thymomas (157). 


Figure 44.24 |ntrathyroidal thymic 
tissue. 
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Salivary Glanda€“Type Tissue 


Rarely salivary glanda€“type tissue has been found within the 
thyroid. Most of the reported cases have been seen in association 
with a benign thyroid condition, such as multinodular goiter (158). 


Heterotopic Cartilage 


Most intrathyroidal islands of mature cartilage probably represent 
remnants of the branchial pouch apparatus (18,159). 


Thyroid Tissue in Abnormal Locations 


The presence of nonneoplastic thyroid tissue outside the normal 
anatomical confines of the gland may be caused by a variety of 
mechanisms, ranging from congenital abnormalities to acquired 
processes. Their main practical interest resides in the fact that 
lack of knowledge of their occurrence may lead to a mistaken 
diagnosis of metastatic thyroid carcinoma. 


In Midline Structures 


Ectopic thyroid is derived from abnormalities in migration patterns 
of the medial anlage and is therefore more commonly found in the 
neck in a midline position, at any point in the normal pathway of 
descent of the thyroglossal duct from the foramen cecum to the 
lower neck (160,161,162). In most cases the ectopy is partial, 
Clinically insignificant, and discovered accidentally. The base of the 
tongue (lingual thyroid) and the hyoid bone and its surroundings 


(as a component of a thyroglossal cyst) are the most common 
sites. The opposite phenomenon is represented by exaggerated 
descent of the median anlage into the mediastinum, which may 
lead to location of thyroid tissue substernally in the preaortic area, 
in the pericardial cavity, and in the substance of the heart 
(163,164,165). However, the majority of mediastinal goiters 
represent a dislocation downward of normal glands that have been 
pulled down by the hyperplastic changes that occurred in them. 


Lingual thyroid is a relatively common incidental microscopic 
finding. The follicles appear normal but because of their intimate 
relationship with the surrounding skeletal muscle they may raise 
the differential diagnosis with carcinoma (166). Sauk (167) and 
Baughman (168) found thyroid tissue in the tongue in 10% of 
individuals examined at autopsy, with the sex distribution being 
equal. The tongue is the most common location of ectopic thyroid 
tissue in the rare cases of total ectopy (169). In this condition 
ectopic glands are prone to functional insufficiency, frequently 
followed by compensatory hyperplasia, which may be the cause of 
dyspnea or dysphagia. Acute hypothyroidism may follow the 
removal of this ectopic tissue. 


The other site where ectopic thyroid tissue is found more 
commonly is the wall of thyroglossal duct cysts. It appears in the 
form of small groups of follicles and is present in 25% to 65% of 
cysts examined histologically, its frequency being related to the 
number of sections submitted for histologic examination (170). 
The medial location and the presence of thyroid tissue in the wall 
distinguish thyroglossal duct cysts from the rarer branchial pouch 
cysts. Ectopic thyroid derived from abnormalities in migration of 
the medial anlage typically does not contain C cells. In one study 
of median anlage anomalies including 23 cases of thyroglossal 
cysts with adjacent thyroid tissue and one case of lingual thyroid, 
not a single C cell was found in either the thyroid tissue or the 
epithelium lining the cysts (17). 


In Pericapsular Soft Tissues and 
Skeletal Muscles 


As already discussed, the presence of thyroid tissue in these 
locations is not a rare event. It most likely results from the 
intimate relationship of the thyroid gland with the mesodermal 
structures of the neck during development. 


In the Lateral Neck 


This phenomenon, frequently referred to as lateral aberrant 
thyroid, has different pathogeneses. It has been suggested that 
surgery and trauma may cause implantation of thyroid tissue in 
the lateral neck. Typically when this is the case, a few nodules of 
normal-appearing thyroid tissue, always of microscopic size and 
frequently surrounded by a fibrous capsule, are seen in the lateral 
neck close to the cervical lymph nodes (171,172,173). History of 
previous trauma or surgery on the neck, the presence of suture 
material (in cases of previous surgery), and the benign 
appearance of the dislocated thyroid tissue are useful in 
distinguishing them from metastatic carcinoma. It has to be kept 
in mind that the latter may appear deceptively benign on 
microscopic examination. Spontaneous separation of thyroid tissue 
with subsequent implant in the lateral neck may occur in nodular 
goiter or Hashimoto's thyroiditis (174,175). In both of these 
conditions, nodules of thyroid tissue extrude and separate from 
the surface of the gland and deposit in the extrathyroidal soft 
tissue, where they may acquire an autonomous blood supply (so- 
called parasitic nodules). The differential diagnosis with metastatic 
lymph nodes may be very problematic, especially in the presence 
of Hashimoto's thyroiditis. 


In Cervical Lymph Nodes 


Normal-appearing thyroid tissue in medially located cervical lymph 


nodes is rarely the result of a developmental 
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anomaly (176). When this is the case, a few microscopic nests of 
benign-looking follicles are seen in the marginal sinus of the lymph 
node (Figure 44.25). The follicular cells that compose them should 
lack all of the cytologic features typical of papillary carcinoma 
(177). Psammoma bodies and papillae should also be absent. 
Numerous sections are sometimes needed to rule out a metastasis 
from a papillary microcarcinoma, which is by far the most frequent 
cause of thyroid tissue in cervical nodes. 


Figure 44.25 A group of benign-appearing thyroid follicles is 
seen close to the marginal sinus of a cervical lymph node. This 
patient did not have a carcinoma in the thyroid gland. 


In Other Sites 


Rarely, one can find thyroid tissue in locations outside its place of 
embryonic development and occasionally quite distantly from it. 
These locations include the sella turcica, larynx, trachea, 
esophagus, heart, diaphragm, gallbladder, common bile duct, 


region of the porta hepatis, retroperitoneum, inguinal region, 
adrenal gland, uterus, vagina, anda€”last but not leasta€”the 
ovary. In the latter site, the thyroid tissue represents a component 
of a teratoma and sometimes is the only evidence for it (struma 
ovarii) (178,179,180,181,182,183,184,185). 
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Introduction 


The surgical pathology of the parathyroid glands largely involves 
interpretation of their histology in patients with hyperfunction due to 
neoplastic or primary hyperplastic processes;! that is, primary 
hyperparathyroidism (1,2,3,4,5,6,7). Secondary 
hyperparathyroidism, in contrast, is a consequence of stimulation of 
parathyroid gland growth (secondary hyperplasia) and hormone 
secretion by hypocalcemia due to diseases of other organs, such as 
renal insufficiency, malabsorption (8,9,10), or genetic defects in the 
parathyroid or other organs (11). Secondary hyperplasia is 
histologically indistinguishable, but clinically easily distinguishable 
from primary hyperplasia. Since other disorders, such as 
hypoparathyroidism, | pseudohypoparathyroidism, and familial 
hypocalciuric hypercalcemia (12), are not treated surgically and 
neonatal severe hyperparathyroidism (12) is rare, the parathyroid 
glands are rarely available for examination in these diseases. In 
order to adequately interpret the pathology of the parathyroid 
glands, the surgical pathologist must have a thorough knowledge and 
understanding of calcium metabolism, the biochemistry of the 


parathyroid glands, the differential diagnosis and pathobiology of 
parathyroid disease, and the normal and pathologic anatomy of the 
glands (13). This chapter presents the normal histology, the 
embryology and its molecular biology, the alterations of the 
parathyroid glands that occur with age, and a brief discussion of 
normal calcium metabolism. 


Historical Review 


In 1850 Professor Richard Owen (14), before the Royal College in 
London, first described the parathyroid glands in the Indian 
rhinoceros as a€cea small, compact yellow glandular body â€! 
attached to the thyroid at the point where the veins emerge.a€« 
Interestingly this paper (14) was not published for twelve years after 
its initial presentation. Remak (15) in 1855 and Virchow (16) in 1863 
described similar glands in cats and humans, respectively. However, 
it was not until 1880 that the anatomy and histology of the 
parathyroid glands of several species, including humans, were clearly 
established by a medical student, Ivor SandstrAfm (17,18). He 
demonstrated that the glands, which he named a€oeglandulae 
parathyroidae,a€* were structures separate from the thyroid. He 
used this terminology to suggest the physical, as well as the 
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possible embryologic, relationship to the thyroid. Kohn (19,20) 
proposed the term EpithelkAflperchen after he demonstrated by 
animal experiments that the glands originated independently from 
the thyroid. However, this terminology has survived only in the 
German literature. 


Embryology 


Although an ectodermal origin of the glands has been suggested 
(21,22), the consensus is that the glands arise from the endodermal 
region of the branchial pouch (23). Neural crest cells participate in 
the formation of the mesenchyme of the glands (24). Embryonic 


parathyroid hormone production has been demonstrated by 
immunohistochemical studies (Roth, unpublished data). At 8 3/7; 
weeks gestational age (3.1 cm crown-rump length) a few positive 
cells are seen in the glands. By 17 to 20 weeks (Figure 45.1) 
(25,26,27,28,29,30) abundant parathyroid hormone is present in the 
glands. 


The parathyroid glands arise as diverticula of the endoderm of the 
third and fourth branchial pouches (31,32,33,34). They make their 
first appearance as bilateral localized proliferations along the 


anterodorsal surface of pouch III and the lateral portion of the dorsal 
extremity of pouch IV during the 5th week of gestation (9-mm 
embryo). The glands are thus referred to as parathyroid III or 
parathyroid IV, depending on their pouch of origin (the singular is 
used because of the symmetrical growth). Parathyroid III, along with 
the thymus, forms as the third pouch separates from the pharynx. At 
this stage parathyroid III lies cephalad and lateral to parathyroid IV, 


and the two are separated by the medial thyroid. Differential growth 
rates of the thymus and the adjacent medial structures determine 

the final position the glands occupy after birth. The thymus, the most 
lateral of these structures, attaches to the pericardium and comes to 


lie largely in the thorax. The attached parathyroid II! also develops a 
more caudad position as the more medial structures grow cephalad. 
In the 18 mm embryo, when parathyroid III is at the level of the 


lower pole of the thyroid, it usually separates from the thymus, 
forming the lower parathyroid gland. Variations in the level at which 
this separation takes place are frequent and account for the marked 
anatomic variations in the final position of the adult glands. 
Parathyroid IV and the lateral thyroid (the ultimobranchial or 
postbranchial body) derive from the caudad part of the fourth 
branchial pouch (Figure 45.2). Together they form a bilobate 
complex and, as they separate, parathyroid IV acquires its adult 
position as the upper gland, near the intersection of the recurrent 
laryngeal nerve and the medial thyroid artery. Due to its medial 
position, closer association with midline structures, and shorter 


embryonic migrations, parathyroid IV has a more constant location 
and is usually cephalad to parathyroid III. During development, small 
portions of the gland may become separated from the main gland or 
a gland may separate into two or more parts (see below). 


Figure 45.1 Immunohistochemical stain demonstrating PTH in 
the gland of a 20-week fetus. 


Figure 45.2 An embryonic parathyroid gland still attached to the 


remnant of the branchial pouch. The chief cells are closely 
packed and uniform. No stroma is visible. 


Molecular Biology 


The successful differentiation, development, and migration of the 
parathyroid glands require multiple genetic events. These events, 
though not fully understood, are largely known by identification of 
the genetic defects in various forms of human hypoparathyroidism, 
particularly DiGeorge Syndrome/velocardiofacial syndrome?, and by 
studies on mouse animal models 
(35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55). 
Though early studies (53) proposed an origin of the parathyroid 
glands from neural crest cells migrating into the pharyngeal pouches, 
it is now recognized that parathyroid epithelial 
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cells develop from the third pharyngeal pouch endoderm. Gene 
products from neural crest cells in the parathyroid mesenchyme are 
required for modulation of the branchial cleft endoderm into the 
parathyroid cells (53,54). The development and migration of the 
parathyroid glands requires a proper balance between epithelial cell 
death (apoptosis) and proliferation, as well as the appropriate 
interaction of endoderm with the associated mesenchyme. 


Several genes and their products have been identified which are 
required for normal differentiation, development, and migration of 
the parathyroid glands 
(37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,55), though 
undoubtedly there are many other not yet identified genes and 
signaling factors vital to these events. The known factors include 
genes encoding transcription factors, Hoxa3, Pax9, Tbx1, GATA3, 
Glial cell missing (Gcm) 2, and Eyes absent (Eya)l, as well as genes 
encoding secreted signaling molecules, fibroblast growth factor (Fgf) 
8, Chordin (Chrd), bone morphogenetic proteins (BMPs), TGFÎ?(A) 


and Sonic hedgehog (Shh). The signaling molecules act by 
modulating the expression of the respective transcription factors. In 
homozygous mutant mouse models for many of these genes, 
amongst multiple pharyngeal and cardiac developmental anomalies, 
the parathyroids are often aplastic or hypoplastic 
(37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53). 


Hoxa3, a member of the Hox family, is a gene that encodes a 
transcription factor present in the third pharyngeal pouch endoderm 
as well as the neural crest cells. Mice knockout studies for Hoxa3 
highlight its function in the development of the organs arising from 
the third and fourth pharyngeal pouches and their dependence on 
mesenchymal neural crest cells for differentiation (38,39,40). Hoxa3 
mutants develop multiple anomalies involving the throat, heart, and 
thyroid and fail to develop the thymus and parathyroids. The failure 
to develop parathyroids is thought to stem from a defect in the 
neural crest cells' ability to induce proper differentiation of the 
pharyngeal pouch endoderm (38,39). 


Mammalian gcm2 (GCMB in humans) encodes a transcription factor 
also found in the third pharyngeal pouch endoderm, but is 
specifically expressed in a domain restricted to the parathyroid. 
Gcm2 deficient mice lack parathyroid glands, demonstrating the 
crucial role of gcm2 in the differentiation and function of the 
parathyroid (41). Interestingly, although gcm2 expression is 
restricted to the parathyroid, gcm2 knockout mice showed 
parathyroid hormone production originating in the thymus driven by 
gcm1, another homolog of the Drosophila gcm family that functions 
in placental development. Expression of gcm is absent in Hoxa3 
mutant mice, suggesting it acts downstream of Hoxa3 (41,42). 


GATA-3 and Pax9, additional transcription factors expressed in the 
third pharyngeal pouch, also result in hypoparathyroidism when 
absent. In humans with mutations in GATA-3, the resulting disease 
includes hypoparathyroidism manifest by hypocalcemia and low 
parathyroid hormone (43). Mice deficient for Pax-9 show initial 


formation of the pharyngeal pouches, but have arrested formation of 
the epithelial buds of the third pharyngeal pouch (44). 


Eyal is expressed in the third pharyngeal endoderm, mesenchyme 
and ectoderm as well as the organs derived from these structures. In 
order to investigate the role of Eyal in animals, mice knockout 
experiments were carried out and studied at gestational days 
11.5a4€“12.5 (45). In contrast to the wild-type embryos that formed 
epithelial buds of the thymus and parathyroid primordia at 
gestational day 12, the Eyal-/- mice failed to form these epithelial 
buds. In addition, gcm2 expression was down-regulated, suggesting 
an upstream control by Eyal. HoxA3, Paxl and Pax9 expression were 
not affected. Since HoxA3 and Paxl have been shown to regulate 
Gcm2 expression (45), the control of Gcm2 by Eyal suggests Eyal 
may lie in a pathway downstream from HoxA3 and Paxil (46). 


The close relationships of the endoderm, ectoderm and neural crest 
cells are demonstrated by the signaling protein FGF8. The protein is 
expressed in the pharyngeal endoderm and ectoderm; however, the 
severe developmental anomalies caused by its deficiency are a result 
of its effect on the neural crest cells (47,48). Decreased FGF8 causes 
increased apoptosis of the cranial and cardiac neural crest cells, 
resulting in improper development of the heart and pharynx, 
mimicking DiGeorge syndrome (48). Studies showed dependence of 
this secreted molecule on the transcription factor Tbx-1, a gene 
mapped to the microdeletion of chromosome 22 associated with 
DiGeorge syndrome (49,50). 


Antagonistic secreted signaling molecules, Chrd and the BMPs, 
regulate the dorsal and ventral developmental organization 
respectively. Chrd is present in the pharyngeal endoderm and acts 
antagonistically by binding the BMPs. Loss of Chrd results in an 
expansion of the allantois (ventral) and reduction in the embryonic 
mesoderm (dorsal). In addition, the mutant mice show features 
similar to those found in DiGeorge syndrome, including parathyroid 
hypoplasia, indicating a role of Chrd in not only positioning 


information but differentiation as well (51). Its role in parathyroid 
development may be due to decreased expression of Tbx1 and Fgf8 
caused by loss of Chrd (49). An additional gene, Sonic hedgehog 
(Shh), also contributes to the balance between Chrd and BMPs. Shh 
encodes a secreted protein expressed in the pharyngeal endoderm 
that acts as a negative regulator. Shh -/- mutant mice showed 
abnormal third pouch development thought to be due to an 
overexpression of Bmp4 (52). The normal repression of Bmp by Shh 
in the third pharyngeal pouch is lost in the mutant mice, upsetting 
the dorsal/ventral balance in favor of ventral expansion of the 
thymus and absence of the dorsal parathyroid. Although the gland 
primordium initially formed appropriately, Gcm expression was later 
absent in these mice, correlating with the lack of parathyroid glands 
(52). 


Aside from organogenesis, numerous genes have been implicated in 
parathyroid disease (55,56,57,58,59,60,61). Most neoplastic 
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diseases of the parathyroid, primary chief cell hyperplasia, adenomas 
and carcinomas, result from alterations in tumor suppressor genes, 
including Rb, p53, and HRPT2, or cell cycle regulators such as cyclin 
D1 (55,56,57,58,59). In addition, genetic mutations involving 
proteins specific to the parathyroid gland's role in calcium 
homeostasis have been identified (60), specifically the calcium 
receptor gene which encodes a gene located in the parathyroid as 
well as the kidney (61). Although not located in the parathyroid, 
mutations in vitamin D receptors and PTH receptors indirectly affect 
the proper functioning of the parathyroid, leading to alterations in 
calcium homeostasis (62). 


Calcium and Parathyroid Metabolism 


Calcium is one of the most closely controlled ions in mammals (63). 
Ninety-nine percent (99%) of the calcium is in the hydroxyapatite of 
the bones and 1% is in the extracellular fluids and soft tissues (64). 


The serum level of ionized calcium (Ca2+) is maintained within the 
limits of laboratory error in most individuals. The serum calcium 
concentration ([Ca2+]) is commonly measured as the total calcium, 
although it is the ionized calcium, approximately 50% of the total 
serum calcium (64), that is meaningful. In normal humans, calcium 
ions are bound, primarily to proteins (~40%) such as albumin, but 
also to chelating agents such as citrate. The serum [Ca?*] is 
regulated through five organs: the parathyroid glands, the C cells of 
the thyroid (probably of minimal importance in humans), the bones, 
the kidneys, and the gastrointestinal tract (65). In humans the two 
primary hormones responsible for control of [Ca*+] are the 
parathyroid hormone (PTH) and the metabolites of vitamin D, 
primarily 1/+,25 (OH)2 vitamin D (66). 


Acute control of the serum [Ca2+] is the primary responsibility of 
PTH (31). PTH operates through a cell surface receptor, primarily 
found in the proximal convoluted tubule of the kidney and the 
osteoblasts of the bone. PTH acts to increase the serum calcium. It 
promotes tubular reabsorption of calcium in the kidney, increases the 
activity of the 1Î+ vitamin D hydroxylase [thus increasing the 
synthesis of the active form of vitamin D (1i+,25 (OH)2 vitamin D) 
and increasing bone resorption and gastrointestinal calcium 
transport]. The effect on bone requires the osteoblasts and the 
osteoclast precursors (see Chapter 4), which have PTH receptors. 
These cells produce paracrine factors that stimulate osteoclastic 
bone resorption since the osteoclasts lack PTH receptors. PTH also 
operates through the osteocytes, resulting is osteocytic osteolysis of 
the perilacunar bone. 


The most active metabolite of vitamin D, 1/+,25 (OH)2 vitamin D, 
increases calcium resorption from the gastrointestinal tract and acts 
in synergy with PTH to increase bone resorption (67). 1/+,25 (OH)2 
vitamin D also acts as a negative feedback on PTH synthesis and 
secretion. This action is mediated by inhibiting translation of prepro- 
PTH messenger through a vitamin Da€“responsive element related to 
an upstream promotor of the PTH gene (68). 


PTH synthesis and secretion are controlled by the ambient [Ca2t+]. 
Increased ambient [Ca2+] decreases PTH synthesis and secretion and 
intracellular [Ca2+], whereas decreased serum [Ca2+] increases PTH 
synthesis and secretion. This is in contrast to other organs, where 
increased intracellular [Ca2+] increases hormone synthesis and 
secretion, whereas decreased [Ca*+] decreases synthesis and 
secretion. 


A calcium iona€“sensing cell surface receptor has been identified 
(69,70,71). This receptor is a member of the superfamily of guanine- 
nucleotide-regulatory G proteins. The gene for this receptor is 
located on the long arm of chromosome 3 (69,70,71). The receptor 
has been identified on the cell membrane of the parathyroid glands 
and is thought to be responsible for mediating the effect of calcium 
on the synthesis and secretion of PTH, much as vitamin D acts 
through its receptor. 


Mutations of the calcium receptor gene have been identified in 
familial hypocalciuric hypercalcemia and severe neonatal 
hyperparathyroidism (69,72,73,74). These heterozygous and 
homozygous mutations result in inactivation of the receptor. The 
chief cell is thus stimulated to hypersecrete. In some cases of 
hypoparathyroidism, hyperactivity mutations have been identified in 
this gene (75), resulting in decreased synthesis and secretion of PTH. 


Paracrine control of PTH secretion has been demonstrated in tissue 
culture, with decreasing cell density resulting in decreasing hormone 
secretion (76). Chromogranin A, which is cosecreted with PTH and its 
proteolytic products pancreastatin and parastatin, also inhibit PTH 
secretion (77,78,79). 


Number and Location 


Ninety percent (90%) to 97% of patients have four parathyroid 
glands (80,81,82,83,84,85,86). However, the number has been 
reported to vary between two and 12 glands (80,81). The incidence 


of supernumerary glands in adults varies between 2 and 6.5% (86). 
Supernumerary glands are most commonly intrathymic and are 
thought to result from embryonic division of one or more glands 
(Figure 45.3). Small accumulations of parathyroid tissue as a result 
of parathyroid cell dispersion during embryonic migration may result 
in the presence of numerous small nests of cells. Proliferation of 
these nests, especially in the presence of secondary 
hyperparathyroidism, [i.e., parathyromatosis (88)], results in 
multiple accumulations of parathyroid a€ceimplantsa€* that 
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must be distinguished from metastatic implants from a carcinoma. 
Ectopic glands are one of the factors responsible for persistent 
hyperparathyroidism after surgical therapy of primary hyperplasia of 
the parathyroids (86,87) and must be distinguished from other 
causes of recurrent or persistent hyperparathyroidism such as 
parathyroid carcinoma and parathyromatosis (88). It is probably rare 
for there to be less than four glands in the absence of other 
abnormalities such as thymic aplasia. Because studies of the number 
of glands are based on autopsy material, we feel that most of the 
cases with fewer than four glands are due to failure to locate 
aberrant glands in unusual locations. Despite the known variation in 
the adult position of the parathyroid glands (20,28,29,30,69,70), 
there is a definite pattern in their anatomic distribution, which is 
related to their embryonic derivation (Figure 45.4). The most 
common location of the upper or superior (parathyroid IV) glands 
(77%) is at the cricothyroid junction posteriorly or just above the 
intersection of the recurrent laryngeal nerve and inferior thyroid 
artery (70%) (70,82). The second most common location is behind 
the upper pole of the thyroid (22%) (82), in which case the glands 
are often within the surgical capsule of the thyroid (Figure 45.5). 
Other uncommon locations include a more caudad position near the 
inferior thyroid artery, within the thyroid capsule or parenchyma 
(Figure 45.5), within or near the pharyngeal wall, a retropharyngeal 
or retroesophageal position, or within or near the carotid bifurcation. 


Abnormal upper glands can descend into ectopic locations as low as 
the posterior mediastinum (70). 


Figure 45.3 Parathyroid gland from a 60-year-old female, 
divided into several portions by the vascular bundle and 
recurrent laryngeal nerve. 


The lower or inferior parathyroid glands (parathyroid III) have a 
more diverse distribution but are most commonly located between 
the lower pole of the thyroid and the thymus (Figure 45.6). They can 
occur as high in the neck as the hyoid bone, the pharynx, or the 
pyriform sinus, or as low as the pericardium (89,90). In 42 to 61% of 
the cases they are located on either side of the lower thyroid or in a 


juxtathyroidal location. Another common location is the a€cethymic 
tonguea€* or a€oecervical extension of the thymus.a€* Uncommon 
locations are the mediastinal thymus and the anterior mediastinum 
(82,83,84,85,86). Ectopic intravagal parathyroid tissue has been 
reported (91). The gland locations are symmetrical in 80% of 
patients. 
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Figure 45.4 Diagram demonstrating the location of the 
parathyroid glands. (Modified with permission from: 
Gilmour JR. The gross anatomy of the parathyroid glands. J 
Pathol Bacteriol 1938;46:133a€“149 

and reprinted with permission from: 

Roth SI. Parathyroid glands. In: Damjanov I, Linder J, eds. 
Anderson's Pathology. 10th ed. St. Louis: Mosby-Year Book; 
1966:1980a€“2007. 

) 


Figure 45.5 A parathyroid gland from a 21-year-old male just 
below the thyroid gland capsule in the thyroid parenchyma. A 
large accumulation of adipocytes is present within the 
parathyroid. Only chief cells are seen within the parathyroid. 


Figure 45.6 A fetal parathyroid (33 weeks' gestation) is seen 
between the thymus (top) and lower edge of the thyroid 


(bottom). A small amount of stroma surrounds the parathyroid 
vessels. The gland is composed of pure tightly packed chief cells. 
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Gross Appearance, Size, and Shape 


Each adult gland measures 3 to 6 mm in length, 2 to 4 mm in width, 
and 0.5 to 2.0 mm in thickness (Figure 45.7). The shape of the gland 
varies because it is molded by the adjacent structures. The glands 
are a flattened, ovoid pancake with a€oesharpa€* edges. The 
capsule is grey and almost transparent often with a fine network of 
small vessels. The underlying parenchyma is yellow to orangea€“tan, 
depending on the amount of stromal fat, the number of oxyphil cells, 
and degree of vascularity (5). The glands are soft and malleable, 
although they may show a marked increase in firmness, swelling, and 
a dark red color if surgical manipulation causes intraglandular 
hemorrhage. Abnormal glands are usually more bulbous, with 
rounded edges, and have a firmer consistency and a darker 
reda€“tan color (5). 


Figure 45.7 Four normal parathyroid glands removed at autopsy 
from a 53-year-old man. 


Gland weight and parenchymal cell content are important parameters 
used in the histopathologic assessment of the parathyroid gland 
(92,93,94,95,96,97,98,99,100,101,102), and all parathyroid glands 
or part of glands removed at surgery must be carefully dissected free 
of capsular fat or thymic tissue, measured and weighed to the 
nearest milligram. The total parathyroid weight gradually increases 
throughout embryonic life, reaching a mean total of 5 to 9 mg at the 
postpartum age of 3 months (97,98,99). This is followed by a steep 
linear increase in total parathyroid weight until the third or fourth 
decade of life, when it levels off at a mean of 120 A+ 3.5 mg in men 
and 142 A+ 5.2 mg in women (5). The mean weight per gland is 31.1 
mg in men and 29.8 mg in women (100). The lower parathyroid 
glands are larger then the upper glands (97,101). The parenchymal 
cell content of the glands is extremely variable and difficult to 
evaluate. It is reported to average 74% of the weight of the gland in 


adults (85). It is a somewhat better indicator of gland function than 
gland weight alone but requires careful morphometric analysis in 
conjunction with careful evaluation of the total gland weight. The 
average parenchymal weight per gland is 21.6 mg for men and 18.2 
mg for women (100), whereas the mean total parenchymal weight 
for four glands is 82.0 A+ 2.6 mg for men and 88.9 A+ 3.9 mg for 
women (96,97,98). The total gland weight has been reported to be 
higher in blacks than in whites (102). In a selected series of patients 
with primary hyperparathyroidism due to a single adenoma, who had 
a second gland totally removed because the surgeon felt the gland 
was enlarged, 15 histologically normal glands weighed over 60 mg 
(103). The largest gland weighed slightly over 160 mg. The total 
(10) and parenchymal (101) gland weight are inversely related to 
serum calcium concentration in patients with secondary 
hyperparathyroidism. In these patients a direct relationship has been 
found between the total gland weight and the serum phosphorus and 
renal function as expressed by serum urea nitrogen (10). 


Histology 


The normal parathyroid gland has a thin fibrous capsule that 
separates it from the adjacent thyroid thymus or adipose tissue 
(Figures 45.8 and 45.9), which, except for those glands embedded in 
the thyroid or its capsule, is adipose tissue or thymus. At the 
vascular pole, an artery and vein are present surrounded by fibrous 
tissue. These branch into smaller arteries and veins, which form a 
complex readily visible in the capsule. The capsular arteries and 
veins are connected by arterioles, capillaries, and venules located in 
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the fibrous septa between the parenchymal cells (102). This capillary 
network abuts every chief cell. Due to the rich capillary network, the 
cut surface bleeds readily, providing an easy way for the surgeon to 
distinguish the parathyroid from lymph nodes, adipose tissue, 
thymus, and thyroid, which do not show such prominent bleeding 
from their cut surfaces. The capillary endothelial lining cells have 


pores or fenestrations resembling those seen in other endocrine 
glands (104,105). Dense bodies, Weibel-Palade bodies, pinocytotic 
vesicles, tight junctions, or zonulae occludens are constituents of the 
parathyroid capillary endothelium. Two interconnecting plexuses of 
lymphatic capillaries in the capsule surround the parathyroid glands. 
From the inner plexus, loops of lymphatics dip into the gland 
parenchyma, whereas the efferent lymphatics arise from the outer 
plexus via special lymphatics or those of the thyroid (106). The 
interstitial space is limited by the basement membranes of the chief 
cells and capillaries and contains collagen bundles and elastic fibers 
(104). Nerve bundles in close proximity to chief cells suggest 
autonomic innervation (107,108,109,110). In the rabbit the nerves 
have been shown to originate in the medulla oblongata, the dorsal 
nucleus of the vagus, and the vagus nerve (107,110). 


Figure 45.8 A parathyroid gland from a 7.5-month-old girl. The 
chief cells are the only cell type seen and are arranged in sheets, 
between the large vascular channels. The capillaries are present 
between individual chief cells. The chief cells show central 
regular nuclei and a clear amphophilic cytoplasm. A thin fibrous 
capsule separates the gland from the stroma. 


Figure 45.9 A parathyroid from a 27-year-old woman showing 
only sheets of chief cells and no stromal fat. The vascular pole 
can be seen at the right margin of the micrograph. A thin fibrous 
capsule is seen. 


In infants and children the interstitium consists only of the capillary 
network and the extracellular space. Little or no collagen or stroma 
is present (Figure 45.8). With age, there is focally increasing 
collagenization of the perivascular stroma. This forms a delicate 
fibrous septa in adult glands, imparting to them a somewhat 
lobulated appearance. Surrounding the capillaries and lymphatics are 
interstitial cells that consist of fibroblasts, pericytes, mast cells, and 
a few lymphocytes. Adipocytes are sparse in the stroma of infants 
and children. Stromal fat cells begin to appear late in the first 
decade of life and increase throughout life. At puberty, especially in 
women, there is an increased rate of accumulation of adipocytes. 
Stromal fat cells increase in number with increasing age, reaching a 
maximum in the third to fifth decades of life. There is a marked 
variation in the amount and distribution of stromal fat within a single 
gland, between glands in the same individual, and among individuals 


of the same age (Figures 
45.8,45.9,45.10,45.11,45.12,45.13,45.14,45.15). Recent studies 
(96,111,112) confirmed the initial reports of Gilmour (32) that, in 
adults, adipocytes occupy an average of 50% of the stromal volume 
rather than of the total parathyroid volume. Women have a higher 
percentage of stromal fat than do men. The amount of stromal fat is 
affected by the same factors that affect total body fat; for example, 
diet, nutrition, chronic illness (Such as malignancy), and genetics. 
These variations make interpretation of the level of parathyroid 
function difficult to assess on the 
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basis of the stromal fat. In normal glands, the stromal fat appears to 
a€cecompressa€* the surrounding parenchyma; whereas, in 
hyperplastic or adenomatous glands, the fat cells appear scattered 
among the parenchymal cells. In the fourth decade there is a relative 
decrease in parenchymal adipocytes. 


Figure 45.10 Photomicrograph of a parathyroid from a 39-year- 
old man. There is abundant stromal fat separating the cords of 
chief cells. 


Figure 45.11 A parathyroid from a 69-year-old woman. There is 
a moderate amount of stromal fat, largely concentrated in the 
center of the gland. A few small oxyphil nodules can be seen in 
the parenchyma. 


Figure 45.12 A parathyroid from a 76-year-old man. There is a 
moderate amount of stromal fat, largely in the center of the 
gland. Small oxyphil nodules are present. 


year-old man with 
is composed entirely of 


wer 


5 


Sey 


45.13 A parathyroid from a 77 


5 tå r ` E yoxi fa te = 
Dipper art Nitec greeted 
REN ce Ty to hte PNY Mil 


abundant stromal fat. The parenchyma 


Figure 
chief cells. 


Figure 45.14 A normal parathyroid from a 70-year-old woman 
showing almost no stromal fat or oxyphil cells. 


Each parenchymal cell is separated from the stroma by a prominent 
basement membrane. The parenchymal cells are arranged in 
irregular sheets without prominent stroma in infants and prepubertal 
children. In infants and young children only one type of cell is 
present, the chief cell. The chief cells of the newborn and infantile 
parathyroid gland are small and regular, measuring 6 to 8 Aum in 
diameter (Figure 45.16). The chief cell membranes are poorly 
demarcated, and the cytoplasm is amphophilic, relatively lucent, and 
occasionally vacuolated. Intracellular fat in the chief cells of children 
is low compared with the adult gland, with only 30 to 40% of the 
chief cells of children containing large intracellular fat droplets on fat 
stains (113). The 
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nuclei are often molded and they overlap. The nuclei are centrally 
located, with uniform chromatin and small, inconspicuous nucleoli. 


Figure 45.15 A parathyroid gland of a 77-year-old man. The 


stroma is almost completely replaced by adipocytes. There is a 
large oxyphil cell nodule in the center of the gland. 


Figure 45.16 Sheets of chief cells in a newborn. The stroma has 
little collagen and is outside the large sheet. The cell membranes 
are poorly demarcated. The cytoplasm is eosinophilic. 


In the adult, the parenchymal cells are arranged in solid nests, 
rounded or lobulated masses and trabeculae, or a combination of 
these (Figures 
45.8,45.9,45.10,45.11,45.12,45.13,45.14,45.15,45.16,45.17). A 
pseudofollicular pattern also has been described in normal glands 
(Figure 45.18) (114,115,116). Ultrastructural evidence indicates that 
follicle formation in the parathyroid is the result of a proliferation of 
parenchymal cells, with ischemic necrosis and degeneration of those 
cells separated from their blood supply by other parenchymal cells. 


These pseudofollicles are usually filled with cellular debris and a pink 
eosinophilic homogeneous material resembling the colloid seen in 
thyroid follicles (Figure 45.18) (114). This material contains 


glycoproteins, as evidenced by the positive periodic acid-Schiff (PAS) 
reaction, and PTH as evidenced by immunostaining. Several 
investigators have further reported that it stains with Congo red and 
shows the apple-green birefringence characteristic of amyloid (115). 
A similar finding has been reported in the follicles of pathologic 
parathyroid glands (116,117). Cinti et al. (114) were unable to 
confirm either the presence of amyloid or glycoproteins in the 
follicles of a series of normal parathyroids removed at the time of 
thyroidectomy. However, electron microscopy of follicles in a 
pathologic parathyroid gland did demonstrate fibrils closely 
resembling those of amyloid in pseudofollicles (113). 


Figure 45.17 Sheets of parathyroid chief cells showing 
amphophilic clear cytoplasm, adjacent to the thymus. The 
prominent vascularity of the gland is visible. 


Figure 45.18 Numerous pseudofollicles in a normal parathyroid 
of a 58-year-old white man. Lining the pseudofollicles are chief 

cells. At the right of the micrograph is the edge of an oxyphil cell 
nodule. 


There are two types of parenchymal cells recognized by light 
microscopy in the adult normal parathyroid gland. These are the 
chief cells (Figures 45.15, 45.18,45.19,45.20), in their active and 
inactive forms, and the oxyphil cell (Figures 45.15, 
45.18,45.19,45.20) (19,118,119). In adults the chief cells are 
arranged in sheets, cords, trabeculae, and small 
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nodules. They are spherical and measure 8 to 12 Aum in diameter. 
The cell borders are poorly defined. The cytoplasm is amphophilic or 
faintly eosinophilic, with 70 to 80% of the chief cells containing large 
prominent fat droplets, (Figure 45.21) (5,17), corresponding to the 
lipid bodies seen in the resting chief cells by electron microscopy 
(120). It is of interest that these lipid droplets were first recognized 
in human chief cells by SandstrA—{m (17,18), although he did not 
appreciate their significance. By ordinary light microscopy, the active 
chief cell may be difficult to identify. The inactive chief cell may be 


recognized by the vacuolated clear appearance of the cytoplasm that 
is filled with lipid, glycogen, and lysosomes (120,121,122,123). 
Deposition of silver particles on the secretory granules is responsible 
for the argyrophil reaction seen in normal parathyroid glands using 
the Grimelius silver nitrate stain (120,124,125,126). The granules 
correspond to the location of PTH (Figure 45.22) 
(127,128,129,130,131) and chromogranin (Figure 45.23) (128). 
Differences in the parathyroid and chromogranin content of the chief 
cells indicate a variation in the secretory granule content and 
Supports the presence of a secretory cycle in the parathyroid chief 
cell. The nuclei are round, centrally located, have a sharp nuclear 
outline, even chromatin, and small rare nucleoli (5,113). 


Figure 45.19 Nests and cords of oxyphil cells and chief cells 
among the adipocytes of the stroma. 


Figure 45.20 Trabecula of parathyroid showing mixture of 
oxyphil and chief cells. 


Figure 45.21 Chief cells with intracytoplasmic lipid droplets (Oil- 
Red-O stain, hematoxylin counterstain). 


Figure 45.22 Chief cells showing abundant PTH in the 
parathyroid gland. Note the variation in the amount of hormone 
in various chief cells. (Immunoperoxidase stain for PTH, 
hematoxylin counterstain. ) 


Ultrastructural features of the chief cell correlate with its functional 
activity (120,121,122,129,130,131,132,133,134,135). The chief 
cell, considered the basic functional unit of the parathyroid gland, is 
responsible for the production and secretion of PTH and, in turn, in 
the maintenance of the homeostasis of ionized calcium 
(136,137,138,139). To achieve this, each individual chief cell 
undergoes a secretory cycle (120,121,122,129,130,131,132,133) 
(Figure 45.24) similar to that of the follicle of the thyroid. Each chief 
cell is polarized with the Golgi apparatus and granular endoplasmic 
reticulum farthest from the basement membraneda€“lined perivascular 
surface (140). 


Figure 45.23 Parathyroid gland showing abundant chromogranin 
in the chief cells. The chief cells have different amounts of 
chromogranin. The oxyphil cells are free of chromogranin. 
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~ Involution l 2 t~e Packaging 
Secretion 


Figure 45.24 Diagram of the secretory cycle of the parathyroid 
chief cells (derived from electronmicroscopic studies (9). 
Although these comprise a continuum, typical stages have been 
recognized ultrastructurally. During the resting phase, the cells 
are rich in glycogen and lipid bodies with dispersion of the 
granular endoplasmic reticulum (GER) and free ribosomes. 
Dense-core secretory granules are relatively uncommon and 
scattered throughout the cytoplasm. Rare lysosomes are seen. 
The Golgi apparatus is small and inconspicuous, with few vesicles 
and vacuoles. The cell membranes are relatively straight with 
few interdigitations. At the end of the resting phase, presumably 
due to decreased cytoplasmic [Ca?+] and release of vitamin D, 
metabolite from the upstream promotor site, the cell begins the 
process of PTH synthesis. As the synthetic phase begins, 
transcription of the gene for PTH begins with production of the 


complimentary RNA for prepro-PTH and presumably accompanied 
by a similar transcription of chromogranin. The mRNA is 
produced by removal of the introns and splicing of the exons. 
The mRNA moves to the granular endoplasmic reticulum, which 
aggregates [the perinuclear body of Pappenheimer and Wilens 
(48)]. This is accompanied by aggregation of the free ribosomes 
to polysomes. The preprohormone crosses into the lumen of the 
GER, where the preportion of the molecule is removed by a 
ligase. Other alterations include depletion of the dense-core 
granules, lysosomes, glycogen, and lipid bodies. The cell 
membrane increases in tortuosity, probably due to loss of 
cytoplasmic volume. The synthesis and secretion of hormone is 
halted, presumably by the action of 1/+,25 dihydroxyvitamin D 
on the upstream promotor region of PTH and the cytosolic 
[Ca2+]. In the transport phase, the hormone, supposedly 
accompanied by chromogranin, is transported through the 
cisternae of the GER to the Golgi apparatus as the pro segment 
is removed by a a€ceclipase.a€* The hormone is conveyed to the 
Golgi vesicles. Further depletion of lipid bodies, glycogen, and 
secretory granules occurs, and the cisternae of the GER disperse. 
In the packaging phase, the hormone is bundled along with 
chromogranin into dense-core granules and the Golgi apparatus 
begins its involution. Secretion occurs as the dense-core 
granules containing PTH and chromogranin move along the 
microtubules, fuse with the cell membrane, and release the 
hormone into the pericapillary extracellular space. Depending on 
the ambient [Ca2+], the granules are rapidly passed along the 
microtubules and secreted (low [Ca?+]) or left free in the 
cytoplasm (high [Ca2+]), to be destroyed by lysosomes or to be 
secreted at a later time. The Golgi continues to decrease in size 
and complexity. The free ribosomes disaggregate. The cells begin 
to involute toward the resting phase with gradual loss of 
secretory granules and further involution of the Golgi apparatus. 
The cells begin to accumulate glycogen and lipid bodies and 


approach the resting phase. Lysosomes containing acid 
phosphatase accumulate in the cells. These presumably serve to 
destroy excess hormone and unsecreted secretory granules. 
(Modified with permission from: 

Roth SI. Parathyroid glands. In: Damjanov l, Linder J, eds. 
Anderson's Patology. 10th ed. St. Louis: Mosby-Year Book; 
1966:1980a€“2007. 

) 
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The resting phase, which corresponds to the inactive chief cell, is 
characterized by accumulation of glycogen and large lipid bodies that 
correspond to the lipid seen by light microscopy (see Figure 45.21). 
The rest of the cell organelles, the Golgi apparatus, the granular 
endoplasmic reticulum, and secretory granules are small and 
inconspicuous. This is best seen in the chronically suppressed cell in 
atrophic parathyroid glands (120,121,122,129,132,134,135). During 
this stage, lysosomes (141) as well as variable numbers of small 
dense-core secretory granules are present, the latter being 
peripherally located. Sacs of granular endoplasmic reticulum are 
dispersed throughout the cytoplasm, whereas free ribosomes are 
only partially aggregated into polysomes. The Golgi apparatus is 
small and inconspicuous, with few vacuoles and _ prosecretory 
granules. The cell membranes are straight with few interdigitations 
(104). 


The synthetic phase is marked by the parallel aggregation of the 
cisternae of rough granular endoplasmic reticulum and is noted at 
the light microscopic level by the presence of the body of 
Pappenheimer and Wilens (120,142). Free ribosomes aggregate into 
polysomes. It is during this phase that prepro-PTH and chromogranin 
(120,134) are synthesized within the granular endoplasmic 
reticulum. During the next phase, the prohormone is split and 
transferred to the Golgi apparatus which begins to enlarge with 


increases in smooth membranes, vesicles and vacuoles, and 
prosecretory granules of different electron densities. As the 
packaging phase emerges, the granular endoplasmic reticulum 
disperses throughout the cytoplasm, and larger dense-core secretory 
granules appear in the Golgi region, gradually moving to the 
periphery. PTH and chromogranin A are present in the aggregated 
granular endoplasmic reticulum and dense core granules (128,129). 
As the secretory granules progress along the microtubules toward 
the cell surface, there is an involution of the Golgi apparatus; acid 
phosphatase appears at the secretory face and eventually is 
transferred into large lysosomes (141). Separation of the secretory 
granules from the microtubules into the cytoplasm could account for 
the second compartment of PTH storage postulated by Cohn and 
MacGregor (136). The cell cytoplasm in the synthetic and secretory 
phases becomes depleted of glycogen and lipid bodies. During the 
last phase, there is margination of the lysosomes and secretory 
granules, fusion of the plasma membrane with that of the secretory 
granules, and emptying of the products into the extracellular space. 
The membranes of the secretory granules and lysosomes are 
probably recycled (143). Shannon and Roth (141) and Hashizume et 
al. (144) demonstrated that the stored parathyroid secretory 
granules fuse with lysosomes which provide a mechanism for 
intracellular degradation of PTH. The chief cell returns to the resting 
phase with a resultant accumulation of glycogen and complex lipid 
bodies, which are the best indicators of the resting or functionally 
Suppressed cell. In chronically suppressed normal glands adjacent to 
a hyperfunctioning adenoma, 90 to 95% of the chief cells are 
inactive. In comparison, the normal adult gland has 70 to 80% of the 
chief cells in the resting phase, and the normal prepubertal gland has 
30 to 40% in the resting phase (113,121). 


Correlative morphologic studies in normal, adenomatous, and 
hyperplastic glands have shown that the intracellular content of fat in 
the chief cells is inversely related to its endocrine activity and is a 
better indicator of hormonal function than is the stromal fat. An 


increased cytoplasmic lipid content is a feature of a functionally 
suppressed chief cell (120,121,145,146,147,148,149,150), whereas 
hormonally active cells of adenoma and hyperplasia are largely in the 
active stages of hormone synthesis and secretion and thus are fat 
depleted. Based on this fact, evaluation of intracellular fat content by 
Oil-Red-O stain (Figure 45.21) has been demonstrated to be useful in 
differentiating between normal and adenomatous or hyperplastic 
parathyroid glands (141,142,143,144,145,146,147,148,149,150). 
Care must be taken in interpreting these fat stains because some 
areas of adenomas and hyperplasias may contain intracellular fat 
(151,152,153; 154). 


Cell culture studies (155,156) using a sequential hemolytic plaque 
assay confirm the cyclical secretion of both PTH and chromogranin A 
by individual parathyroid cells. Roth and Raisz (134) demonstrated 
that the ambient ionized [Ca2+] controls the length of the resting 
phase of the chief cell cycle. Proliferation of parathyroid chief cells is 
also controlled by the ambient ionized [Ca2+] (157). Molecular 
studies (158) have shown that the mechanism of this control may be 
via depression of cyclins D1 and D2. 


The second cell type in the adult gland is the oxyphil cell (see 

Figures 45.9, 45.12, 45.15, 45.17, 45.19, and 45.25). These are felt 
to be derived from the chief cells (99,159,160,161,162), although 
the stimulus for the development of oxyphil cells has not yet been 
identified. Before puberty, only extremely rare oxyphil cells are 
present in the glands. Beginning at puberty and increasing 
throughout life, increasing numbers of these cells appear (159). They 
are distributed among the chief cells as individual cells, sheets, and 
small or large nodules (5,113), indicating that there is both a 
continual transformation (see Figures 45.19, 45.20, and 45.24) from 
the chief cells and clonal proliferation of the oxyphil cells (160). 
Rarely, these nodules enlarge enough to be visible grossly. When this 
happens, it is not possible to differentiate these presumably 
nonfunctioning oxyphil nodules from functioning oxyphil adenomas 
(5). The normal oxyphil cells contain only minimal PTH or 


chromogranin (see Figure 45.23). 


Oxyphil cells in multiple organs, including abnormal parathyroid 
glands, have been demonstrated to contain decreased cytochrome 
oxidase (163). Studies on oncocytic salivary gland tumors (164) 
manifested decreased concentrations of mitochondrial enzymes when 
measured against the amount of mitochondrial protein. This is in 
contrast to histochemical studies showing marked increases in 
mitochondrial 
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enzymes (165,166,167). These studies, along with the fact that 
oxyphil cells increase with age, suggest that there is a 
mitochondropathy, which may lead to the proliferation of the 
mitochondria within the cells. PTH-related peptide has been 
described in oxyphil cells (168), although its function is not clear. 


The oxyphil cell measures 12 to 20 Aum in diameter and has a 
clearly demarcated cell membrane, a pyknotic nucleus, and abundant 
eosinophilic granular cytoplasm (Figure 45.25), rich in mitochondria 
and resembling the HAYarthle cells of the thyroid or the oncocytes of 
other endocrine organs (159,160,161,162). Ultrastructurally, their 
cytoplasm is completely filled with mitochondria, often with a bizarre 
Shape and size, as well as occasional lysosomes and lipofuscin 
granules (120). Their function is unknown; however, the oxyphil cells 
in normal glands do not seem to contain the organelles responsible 
for PTH synthesis and secretion [i.e., granular endoplasmic 
reticulum, Golgi apparatuses, and secretory granules (119,120)], as 
indicated by electron microscopy and the absence of PTH and 
chromogranin (see Figure 45.23). However, cases of functioning 
oxyphil cell adenomas (5,6,169) and chief cell hyperplasias (121) 
have been reported. Protein secretory and synthetic organelles and 
dense core granules have been demonstrated in these tumor cells. 


Transitional oxyphil cells may be recognized by light microscopy by 
the decreased density of their cytoplasmic eosinophilia. By electron 
microscopy, these cells have lesser numbers of mitochondria and 


some of the organelles associated with PTH synthesis and secretion, 
such as granular endoplasmic reticulum, Golgi apparatuses, and 
dense-core secretory granules. Both forms of oxyphil cells contain 
Sparse amounts of lipid droplets (150,151). 


Figure 45.25 Oxyphil cells of the parathyroid in an 80-year-old 
woman. The centrally located, variably sized, pyknotic nuclei are 
seen within the granular eosinophilic cytoplasm. The cell 
membranes and the vascular channels are easily visible. 


Cytology of previously localized tumors has been proposed as useful 
in the preoperative identification of parathyroid neoplasms 
(170,171,172,173). Intraoperative imprints of tumors and normal 
glands may allow differentiation of adenomas and hyperplasia 
(174,175,176). Touch preps or smears from normal glands (Figure 
45.26) show small nests or flat sheets of chief cells, with attached 
stromal fat, as well as naked nuclei in the background. Microfollicles 
may be present. The nuclei are round to oval and slightly 
pleomorphic with granular chromatin. The chief cells have pale 
vacuolated cytoplasm, some with intracytoplasmic lipid droplets 
(Figure 45.26). Oxyphil cells, with abundant cytoplasm and small, 


centrally located nuclei, may be 
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identified as well. In contrast, the cytology of parathyroid adenomas 
shows large dense clusters of crowded cells with increased 
pleomorphism and decreased intracytoplasmic lipid. (177). 


Figure 45.26 A. Parathyroid gland smear preparation obtained 

at autopsy, showing sheets and nests of parenchymal chief cell 

with attached stromal fat and naked nuclei in the background. B. 
Intracytoplasmic lipid droplets can be seen as well (Hematoxylin 
and eosin). 


The use of pure histologic criteria in the estimation of the functional 
or hormonal activity of the gland and in the differentiation between 
normal, hyperplastic, and adenomatous glands is difficult. The gland 
size and weight, the shape, and the relative proportion of stromal 
adipocytes and chief cells are all important criteria in making these 
distinctions. Account must be taken of the number of oxyphil cells 
because in normal glands, but not adenomas or primary hyperplastic 
glands, oxyphil cells are nonfunctional. We have found that the 
appraisal of these elements, along with the patient's clinical history, 
and evaluation of cellular cytology and intracellular fat content of the 


chief cells, all must be carefully considered in arriving at a proper 
pathologic diagnosis. 


Footnotes 


1 Though hyperplasia is commonly used to describe the pathology of 
primary hyperplasia involving all four glands, studies of patients with 
multiple endocrine neoplasia and familial disease (2) demonstrate 
that these are in fact neoplastic diseases. 


2 Result of a hetologous deletion of a portion of the long arm of 
chromosome = 22(del22q11.2), containing Tbx1. 
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Introduction 


The paired adrenal glands are a composite of two endocrine 
organsa€”one_ steroid producing, the other catecholamine 
producinga€”that are located in the retroperitoneum, superomedial to 
the kidneys. The two organs have a different embryonic origin, 
histology, and function. 


Anatomy 


The main portions of the adrenal gland are easily recognized on the 
fresh or formalin-fixed cut surface (Figure 46.1). Externally, a 
relatively thick yellow layer is applied to a narrow dark brown band 
that abuts on a solid, pearly gray interior. The former two zones 
correspond histologically to the zona fasciculata and zona reticularis 
of the cortex, and the latter to the medulla of the organ. 


The anatomic location of the human adrenal glands, which 
Sandwiches them between several organs, is responsible for their 
particular shape: pyramidal on the right and crescent shaped on the 
left. The depression and ridge (crest) on the posterior surfaces 
(Figure 46.2) result from their close relationship to the kidneys. 


When a kidney is congenitally absent, the corresponding adrenal is 
round and the characteristic longitudinal ridge on the posterior 
surface is missing (1). 


Evolution 


The anatomic relationship of the adrenal cortex to the medulla that 
exists in mammals is not found in lower animals. In the shark, for 
example, the cortex and medulla are topographically completely 
separate; in amphibians, the two structures are in close contact; in 
birds, they are 
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intermingled. Only in mammals does the intimate proximity seen 
among the human adrenal cortex and medulla occur. In a prototypic 
mammal (e.g., the rat), the medulla forms a central core that is 
uniformly surrounded by the cortex. The distribution of the two zones 
in the human adrenal is different. In the human adrenal (Figure 
46.3), most of the medulla is in the head of the gland (medial), some 
occurs in the body, and there is usually none in the tail (lateral) (3). 
Two bands of cortex applied one to the other form the alae of the 
glands. 


a 
h 


Figure 46.1 Normal adrenal gland. Top: Fresh gland sliced from 
head (upper left) through body (center) to tail (lower right). The 
yellow cortex and pearly gray medulla are visible in the head 
(left). Yellow zona fasciculata surrounds dark brown zona 
reticularis in the tail (right), where medulla is absent. The gland 
can be identified as the left adrenal because on this side the 
adrenal vein runs in a well-developed groove on the surface of 
the gland at the junction of the head and body (arrow). 
Invaginated cortex surrounds the central vein in the interior of 
the body. Bottom: Slice of formalin-fixed adrenal gland showing, 
from exterior inward, cortical zona fasciculata (yellow), zona 
reticularis (brown), and medulla (gray). The cortex is about 1 
mm in thickness. Dilated tributaries of the central vein are seen 
in the medulla. The adrenal vein has been removed from its 
groove. Nodules of accessory cortex are present (arrows). 
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Figure 46.2 External appearance of anterior (above) and 
posterior aspects (below) of right and left adrenal glands. The 
right gland is pyramidal, and the left is crescent shaped. The 
right adrenal vein is short. The left vein is longer and lies in a 
groove on the anterior surface of the gland. (Reprinted with 
permission from: 

Goss CM, ed. Gray's Anatomy of the Human Body. 29th ed. 
Philadelphia: Lea & Febiger; 1973. 

) 


Development 


Cortex 


The adrenal cortex is of mesodermal origin. Its primordia appear at 
the 9-mm embryo stage (6th week of gestation) as bilateral cellular 
aggregations (Figure 46.4) at the mesenteric root, medial to the 
developing gonad and anterior to the kidney (mesonephros) (4,5). 
These primordia are composed of two groups of mesenchymal cells: 
one destined to be the precursor of the transitory provisional or fetal 
cortex, the other to become the adrenal capsule and its supporting 
connective tissue framework (5). By the 7th week of gestation, the 
primordia have become more defined, have separated from the 
coelomic lining, and include polyhedral cells with eosinophilic, lipid- 
poor cytoplasm. These cells increase in size and proliferate rapidly, 
forming a series of parallel columns and cords of cells that ultimately 
compose the bulk of the provisional cortex. External to this dominant 
mass, a thin subcapsular 
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rim of smaller cells (the precursor of the permanent or adult cortex) 
appears (Figure 46.5). These cells are arranged in nests and arches 
that cap the columns of deeper cells. They have hyperchromatic, 
closely packed, overlapping nuclei. The nuclei are larger, more 
vesicular, and less hyperchromatic in the cords. Continuous, spottily 
distributed degeneration of the cells is found in the cords, and dead 
cells (apoptosis) are continuously replaced by the proliferation of 
cells in the narrow subcapsular band. Growth of the developing 
cortex is therefore centripedal (from outside inward). 
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Figure 46.3 Diagrammatic illustration of the distribution of 
medulla (black) in the head, body, and tail of the adrenal gland 
(above) and corresponding corticomedullary ratios (below). 
(Reprinted with permission from: 

Symington T. Functional Pathology of the Human Adrenal Gland. 
Baltimore: Williams & Wilkins; 1969. 

) 


At the end of gestation, the provisional cortex accounts for the bulk 
of the gland (Figure 46.6). Within hours of birth, it becomes acutely 
congested and starts to degenerate. At the end of 7 to 10 days, the 
provisional cortex is largely disorganized and necrotic. The narrow 

peripheral band of cell clusters survives and becomes the source of 
the permanent cortex. 
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Figure 46.4 Diagrammatic representation of a human embryo at 
6 weeks' gestation showing the anatomic relationship of 


developing adrenal gland to coelomic cavity, 


gonad, and kidney 


(mesonephros). (Reprinted with permission from: 
Dahl EV, Bahn RC. Aberrant adrenal cortical tissue near the testis 
in human infants. Am J] Pathol 1962;40:587a€“598. 


) 


Medulla 


The adrenal medulla is of neuroectodermal origin (5). Precursor cells 
originate in the neural crest and migrate from primitive spinal 
ganglia (sixth thoracic to first lumbar) to form the primitive 


sympathetic nervous system situated dorsal to 


the aorta. 


Sympathogonia cells (from the sympathetic anlagen) migrate farther 
into nerves that sprout from the sympathetic chain, then move 
alongside large blood vessels that penetrate into the (as yet) 
unencapsulated fetal adrenal cortex, primarily at its caudal pole 


(head). [This very likely explains the nonuniform distribution of 
medulla in the adult adrenal mentioned previously.] The neural cells 
enter the adrenal primordium as fingerlike processes and pass among 
the fetal cortical cells. In this manner, sympathogonia and a plexus 
of nerves are initially scattered among fetal cortical cells (Figure 
46.7). Two sets of progeny of the sympathogonia evolve: the 
majority, small cells with little cytoplasm and 
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a darkly staining nucleus (neuroblasts); the minority, larger cells 
with a vesicular nucleus and basophilic cytoplasm 
(pheochromoblasts). At birth, the medulla comprises a central, very 
thin core of these cells with offshoots stretching a short distance into 
the peripheral degenerating provisional cortex. The medullary cells 
are arranged in irregularly sized clumps containing both cell types, 
the larger cells now predominating. The postnatal collapse of the 
provisional cortex and its stroma removes the framework that 
supported the medullary offshoots and their associated nerve plexus 
in the cortex (3). With this loss of scaffolding, these structures 
coalesce around the central veins. 


Figure 46.5 Provisional (fetal) cortex (29 weeks' gestation, 
stillborn infant). A. Cortex is dominated by large cells with 
eosinophilic cytoplasm in vague columns and solid sheet with 
prominent capillaries. Just beneath the tenuous capsule, there is 
a rim of smaller cells, the source of the permanent cortex. A 
sympathetic ganglion and a small nerve are present in the 
periadrenal connective tissue. B. Large, liverlike cells with 
cytoplasm that is voluminous, eosinophilic, and granular. Nuclei 
are vesicular with a single small nucleolus. Vascularity is 
prominent. 


Figure 46.6 Adrenal cortex at birth (35 weeks' gestation; infant 
died at 2 days). The central, degenerating, eosinophilic 
provisional cortex is surrounded by the developing, darkly 
staining outer rim of permanent cortex. 


Figure 46.7 Developing adrenal medulla (29 weeks' gestation, 
stillborn infant). Clusters of small medullary cells with deeply 


staining nuclei (arrows) irregularly distributed in very vascular 
provisional cortex. When the latter degenerates, the clusters of 
medullary cells survive and, lacking the support of the cortical 
cells, aggregate together. 


Gland Weight and Cortical Thickness 


Although not a structural feature of the adrenal, the weight of the 
glands is important because assessment of the adrenal normalcy 
takes this feature into account. Information on truly normal adrenal 
weight is difficult to obtain because the organ (specifically the 
cortex) responds rapidly to stress by an increase in mass. Therefore, 
accurate normal adrenal weight can be determined only from 
selected autopsy material (e.g., healthy individuals who die 
suddenly). The combined adrenal weight in these circumstances is 
about 8a€“9 g (1). Exceptionally, a gland weighs as little as 2 g or as 
much as 6 g. Sex differences are not apparent. Formalin fixation has 
little effect on the gland weight. 


Relative to body weight, the adrenals are actually largest at the 4th 
month of gestation (2). In unselected autopsy cases, the combined 
average weight of the glands at birth is about 20 g. By the end of the 
Ist week of life, this mass has decreased (as a result of involution of 
the provisional cortex) to about 12 g, and a further small decrease 
occurs during the 2nd week, such that each gland comes to weigh 
approximately 5 g. Total gland weight then remains constant for 2 
years, then gradually rises to the adult postmortem weight of about 
13 g between 15 and 20 years of age (3). 


The thickness of the normal adult adrenal cortex is approximately 1 
mm and ranges from about 0.7 to 1.3 mm. For accuracy, the 
thickness should be determined microscopically with an ocular 
micrometer; it is impractical to detect small alterations in the 
thickness using a metric scale. 


Adrenal Glands for Histologic Study 


Ideal Material 


Ideally, for the reasons already mentioned, adrenal glands used for 
study of normal histology of the organ should be obtained from 
healthy patients. Results obtained from the study of glands of 
patients with primary adrenal disease or disorders that might affect 
the adrenal histology secondarily should be used with caution. 
Nevertheless, because the two portions of the adrenal gland, cortex 
and medulla, are separate functional units that apparently do not 
affect each other, we think that it is not unreasonable (until shown to 
be otherwise) to study, for example, the histology of the adrenal 
medulla (thinking of it as being normal) in a gland surgically 
removed for a clinically and biochemically nonfunctioning small 
adrenocortical adenoma. Similar considerations apply to the cortex. 


For study of cytologic detail, material should be fresh and not 
autolysed and therefore obtained at surgery or shortly after death. 
The zona reticularis of the cortex quickly begins to show the effects 
of anoxia (degeneration). However, glands that are less than 
optimally preserved for study of the cell details are satisfactory for 
determination of general microanatomy of the organ. In practice, 
fresh (and to a variable extent a€ocenormala€* ) adrenal is most often 
available at the time of radical nephrectomy, in the course of which a 
gland is removed with the kidney. However, many such glands are 
torn during the surgical procedure, limiting to some extent their use 
for study of normal histology. Their usefulness is also limited in that 
they are representative only of the gland appearance in a particular 
age range (middle-aged or older patients). In practice, it is difficult 
to get the complete range of normal adrenal specimens (fetal to 
aged) that would be ideal for study of normal histology. 


Actual Material 


The actual tissue used for the histologic description that follows 
included adrenals from all the foregoing categories. Autopsy material 
was obtained from individuals (mostly male) who died suddenly 
(homicide, suicide, or traumatic injury). For some cases there was 
minimal or no medical history available, and the autopsy protocol 
and other autopsy slides could not be reviewed. Thus, the state of 
health of these patients and the condition of other organs could not 
be determined. A number of normal glands were available from 
patients undergoing nephrectomy. Also, opportunity was taken to 
study apparently normal extratumoral medulla and cortex in cases of 
adrenalectomy for certain primary adrenal neoplasms that were small 
or relatively small (adrenocortical adenomas producing aldosterone, 
nonfunctioning adrenocortical adenomas, and pheochromocytoma). 


Histology 


Blood Vessels 


The blood supply of the adrenal gland has been studied mostly from 
the anatomic point of view, often by observing 
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the distribution of injected material in the vasculature. The tone of 
the subcapsular vascular plexus controls circulation through the 
organ. The histologic appearance of the vessels distal to the plexus 
suggests that the intravascular pressure in the organ is low. 
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Figure 46.8 Diagrammatic representation of the arterial supply 
(black) and venous drainage (light and hatched) of the left 
adrenal gland. (Reprinted with permission from: 

Symington T. Functional Pathology of the Human Adrenal Gland. 
Baltimore: Williams & Wilkins; 1969. 

) 


Arteries 


Three separate groups of arteriesa€”superior, middle, and 
inferiora€”arising from the inferior phrenic artery, the aorta, and the 
renal artery, supply each adrenal gland (Figure 46.8). The main 
vessels divide into 50 to 60 small feeder vessels that penetrate the 
anterior and posterior surfaces of the glands and form a plexus 
beneath the capsule of the gland. The former are commonly 
encountered close to the capsule of the gland; in older patients, they 
frequently exhibit atherosclerotic changes. The subcapsular plexus, 


important in regulation of the circulation in the gland, as has just 
been indicated, is not conspicuous in routine histologic preparations. 


Intraglandular Vasculature 


Capillary loops from the subcapsular plexus surround the cells of the 
zona glomerulosa (see a€ceZona Glomerulosad€* ), then extend 
toward the interior of the organ between the columns of cells of the 
zona fasciculata, and ultimately open into wide interconnecting 
channels in the zona reticularis to form a second vascular plexus. 
This ends abruptly in a vascular dam at the corticomedullary junction 
that finally drains into the sinusoids of the medulla by relatively 
fewer channels. The marked vascular congestion commonly seen at 
the corticomedullary junction of adrenal glands obtained at autopsy 
may be a reflection of this vascular barrier. Although the medulla 
receives some arterial blood supply, most of its vascular supply has 
already nourished the cortex. 


Figure 46.9 Central adrenal vein. Low-power view of the vein 
surrounded by an invaginated cuff of cortical cells with clear 
cytoplasm (zona fasciculata type). Distribution of smooth muscle 
in the vein wall is uneven. The zona fasciculata (ZF) and zona 


reticularis (ZR) of the cortex are evident, and there is a small 
amount of basophilic medulla (M). 
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The venous drainage from the organs occurs via a single vein that 
emerges from the anterior surface of each gland (Figure 46.2). 
Inside the organs, the central adrenal vein (which ultimately 
becomes the adrenal vein as it leaves the organ) and its tributaries 
have a unique muscle coat, 2 to 6 longitudinally running muscle 
bundles, varying in size and eccentrically situated around the vein 
lumen (Figure 46.9). The bundles are heavily laden with elastic fibers 
that extend into tributaries of the larger central veins and in some 
instances outline clusters and trabeculae of medullary cells. 


The eccentricity of the muscle bundles results in a vein wall that 
varies greatly in thickness and focally is devoid of muscle. In the 
zones where the muscle bundles are deficient (and these may be 
extensive), medullary cells (and sometimes cortical cells) are 
separated from the bloodstream by intima and a minimal amount of 
subintimal connective tissue only. This peculiar anatomic structure 
permits medullary cells or cortical cells to occasionally form polypoid 
endothelium-covered projections into the lumen of the central vein 
(Figure 46.10). (This ready access of pheochromocytes to the venous 
lumen explains the occasional finding of an intravenous tumor plug of 
pheochromocytoma.) A thick cuff of invaginated cortical cells 
surrounds the intramedullary central vein and its larger tributaries 
(Figure 46.10). (Development of a neoplasm in this 

a€cedisplaceda€* cortex probably explains the occasional cortical 
neoplasm that appears to have developed in the medulla of the 
organ. As explained later, there is another possible source for a 
cortical neoplasm in this locationa€”from cortical cells that occur 
among cells of the medulla.) 


Figure 46.10 Central adrenal vein. Intraluminal protrusion of 
endothelium-covered adrenocortical cells between the 
discontinuous muscle bundles of a tributary of the central adrenal 
vein. 


Veins 


The left adrenal vein, 2 to 4 cm in length, initially lies in a groove on 
the anterior surface of the gland and terminates in the left renal vein 
(Figures 46.2 and 46.8). The right adrenal vein is short (1a€“5 mm) 
and drains into the inferior vena cava (Figures 46.2 and 46.8). 
Histologically, the extra-adrenal and immediately intra-adrenal 
portions of the veins have a muscular coat composed of large, 
similarly sized, evenly disposed smooth muscle bundles, arranged 


side by sidea€”a structure found in other veins of this size. 


Nerves and Ganglia 


The innervation of the adrenal gland, specifically of the medulla, 
emanates from the lower thoracic segments of the spinal cord and 
passes through the greater splanchnic nerve and the upper lumbar 
sympathetic ganglia via the celiac plexus. This nerve supply forms a 
plexus of medullated and nonmedullated nerves on the capsule of the 
gland, primarily on its posterior aspect. Thus, the largely 
preganglionic nerve fibers pass into the medulla following either the 
course of emerging or penetrating vessels or connective tissue 
trabeculae. Occasionally, a large nerve penetrates directly into the 
medulla. The number of nerves visible in the medulla varies greatly 
from case to case; some feature a perineurium, whereas others do 
not; frequently, they have associated ganglion cells (Figure 46.11). 
Ganglion cells are also commonly seen singly or in clusters among 
the pheochromocytes (Figure 46.12). The cells of the cortex do not 
have a nerve supply. 


Lymphatics 

Injection studies have demonstrated that there is a rich plexus of 
lymphatic channels in the capsule of the gland (3). Lymphatics are 
distributed to the adventitia of the central vein and its main 
tributaries. There is no lymphatic supply to the cortex. The 
lymphatics drain into aortic lymph nodes. 


Capsule 


The capsule of the adrenal gland is composed of hypocellular fibrous 
tissue in the form of coarse, hyalinized collagen bundles and elastic 
fibers (Figure 46.13). Usually, the capsule is thin, but it varies 
considerably in thickness from gland to gland and even within the 
same gland (Figure 46.14). It is tough and hard to cut but tears 


easily and does | 
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not support the unfixed gland, which is limp and readily bends. The 

soft consistency of the fresh glands makes them difficult to section; 

cooling them for 15 minutes in a refrigerator facilitates this 

operation. 


Figure 46.11 Adrenal medulla. Unusual concentration of nerves, 
some with perineurium and others without. 


Figure 46.12 Adrenal medulla. Sheet of medullary cells with 
cytoplasm that is nonhomogeneous, variably basophilic, granular, 
and vacuolated, resulting in a mottled appearance. A ganglion 
cell is present among the pheochromocytes. 


Figure 46.13 Adrenal capsule. Elastica€“van Gieson stain shows 
collagen bundles (red) and intermingled elastic fibers (black). A 
small artery is present in the capsule. 


46.14 Adrenal capsule. Four-fold variation in the 


Figure 


thickness of the capsule, which at its maximum thickness 


measures 0.3 mm. 


Figure 46.15 Adrenal capsule. A. Common capsule of adrenal 
(left) and liver (right). Note that a zona glomerulosa is not 
evident in the adrenal cortex. B. Absence of an adrenal and 
kidney capsule results in direct contact of adrenal cortex 
(provisional) and renal parenchyma. 


Figure 46.16 Normal adrenal gland. Juxtaposed sympathetic 
ganglion (above left) and paraganglion (above right) in 
periadrenal adipose tissue. The adrenal cortex features cells with 
clear cytoplasm (zona fasciculata). Zona glomerulosa is not 
evident. 


Because of the propinquity of development of adrenals and kidneys 
and the liver (on the right side), there is occasional fusion or sharing 
of a common capsule among the adrenal and kidney and the adrenal 
and liver (Figure 46.15). The common capsule may be deficient 
focally, and then parenchymal cells of two organs come into direct 
contact. The adrenal capsule is surrounded by adult-type fat (brown 
fat in the fetus and newborn) that features small arteries, veins, 
nerves, accessory cortex, excrescences of cortex, sympathetic 


ganglia, and an occasional paraganglion (Figure 46.16). 


The capsule is penetrated by blood vessels supplying and draining 
the gland, the nerves to the medulla, and lymphatic channels. In 
random sections of the glands, only the site of exit of the adrenal 
vein is regularly encountered (because of its relatively large size); 
occasionally, the site of penetration of a large nerve is seen; the 
entry sites of the small arteries into the glands are also sometimes 
seen. Commonly found are narrow (occasionally wide) defects in the 
capsule through which the cortex protrudes into the periadrenal fat 
to form small nodules of cells that are sometimes delimited by a 
distended and attenuated adrenal capsule, sometimes not (Figure 
46.17). 
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These excrescences are composed predominantly of epithelial cells 
with normal zonation patterns among the cells. The protrusions may 
contain a connective tissue component, and sometimes there is an 
equal mixture of cords of epithelial cells and fibrous tissue. Single 
rows and groups of cortical cells, small and oval or large and round, 
are commonly found here and there in capsular â€œpocketsâ€ e 
(Figure 46.18). Larger oval aggregates cause a slight depression in, 
and thinning of, the underlying cortex, so that the total width of the 
two portions of cortexa€”that in the capsular pocket and that 
normally situateda€”is about normal (Figure 46.18). 


Figure 46.17 Normal adrenal gland. Protrusion of cortical cells 
surrounded by attenuated capsule through a a€cewidea€* defect 
in the adrenal capsule. A few cortical cells in rows and small 
aggregates are present in the capsule (arrows). A suggestive 
zona glomerulosa is present deep to the adrenal capsule (top). 


Sometimes seen attached to the capsule are wedge-shaped foci of 
small, plump spindle cells with hyperchromatic nuclei. These protrude 
into the cortex to varying depths and may be present bilaterally 
(Figure 46.19). The cells are arranged in interlacing bundles and 
whorls. Largely because of their light microscopic resemblance to 
Ovarian cortical stroma, these aggregates have been termed 
a€ceovarian thecal metaplasiaa€* ; an alternative interpretation is 
that they represent areas of adrenocortical blastema that for 


unknown reasons have failed to mature (6,7,8). These foci undergo 
fibrosis, hyalinization, and sometimes calcification. Nests of cortical 
cells are occasionally found in the spindle cell proliferation, 
presumably entrapped. 


Exceptionally, the proliferations penetrate into the medulla as 
increasingly narrow tongues of tissue. Ovarian thecal metaplasia is 
said to occur in postmenopausal women, occasionally in 
premenopausal women, and exceptionally in old men. We have not 
seen it in any of the normal adrenal glands we have examined 
despite a good search. However, we have encountered it fairly 
commonly in the extratumoral cortex associated with a range of 
functioning adrenocortical adenomas and in adrenals removed for 
other pathology, cortical and medullary, always in perimenopausal or 
postmenopausal females. The a€oelesionsa€* are generally incidental 
microscopic findings that were not recognized grossly. 


Cortex 


Traditionally, the cortex has been divided into three areas based on 
light microscopy findings from the capsule inwarda€”the zona 
glomerulosa, the zona fasciculata, and the zona _ reticularisa€”forming 
the typical zonation pattern of the adrenal cortex (Figure 46.20). The 
functional significance of this morphologic separation is questionable, 
but the zona glomerulosa is the site of aldosterone production and is 
responsive to angiotensin and potassium, and the zona fasciculata 
and zona reticularis synthesize glucocorticoids and sex hormones. 
Cells of all zones respond to adrenocorticotropic hormone (ACTH). 
Recent studies using monoclonal antibodies have shown some 
differential staining of the normal human cortical parenchyma (9). 
Division figures are rare in the normal adult cortex; in fact, the 
zone(s) of normal proliferation for replacement of effete cells is not 
known, although it is believed to be near the periphery of the cortex. 
[Under the influence of increased circulating levels of ACTH 
(Cushing's disease), mitotic figures may be seen in the zona 


fasciculata and zona reticularis, indicating that cells in the deeper 
areas of the cortex are also capable of proliferating. ] 


A number of modern techniques for studying cell proliferation and 
programmed cell death (apoptosis), specifically, KI-67 
immunostaining and 3a€?-OH nick end-labeling method, respectively, 
have been applied to study of the human adrenal cortex (10). Cell 
proliferation as indicated by KI-67 immunoreactivity occurred 
principally in the zona fasciculata. Cortical cells positive for nick-end 
labeling (apoptotic) were uniformly present in the zona reticularis 
and in the zona glomerulosa in one third of cases. The findings 
suggest that cortical cells may disperse in two directions, 
centripetally and centrifugally, from the zona fasciculata to the zona 
reticularis and from the zona fasciculata to the zona glomerulosa, in 
some cases. Biochemically, apoptosis features chromatin cleavage. 
Morphologically, there is shrinkage of cytoplasm, condensation, and 
fragmentation of nuclei and membrane blebbing. Adrenocortical cells 
undergoing apoptosis are believed to be phagocytosed by histiocytes 
and cells lining the sinusoids. 
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Figure 46.18 Normal adrenal gland. A. Aggregate of cells with 
features of zona glomerulosa type in a€oepocketa€* in capsule. 
B. Cortex featuring zona fasciculata (clear cells) and zona 
reticularis (compact cells) abuts medulla. A larger aggregate of 
cortical cells with clear (peripheral) and compact cytoplasm 
(central) is present in a pocket in the capsule. The cortex deep to 
the pocket is slightly attenuated. A zona glomerulosa is not 
clearly visible. 


Figure 46.19 Ovarian thecal metaplasia (63-year-old woman 
with a 2-cm_ aldosterone-producing adrenocortical adenoma). A 
group of packed spindle cells is attached to the adrenal capsule. 
Nests of cortical cells are trapped by hyalinized fibrous tissue. A 
poorly defined zona glomerulosa is present). 


Nucleolar organizer regions, loops of ribosomal DNA that appear to 
be an indicator of cellular and nuclear activity, have been studied to 
a limited degree in the human adrenal cortex, using a silver 
technique and formalin-fixed, paraffin-embedded tissue (11). 


zona Glomerulosa 


The zona glomerulosa is the narrow, inconstant band of cortex 
situated immediately beneath the capsule and superficial to the zona 
fasciculata (Figure 46.21). Sometimes it can be identified throughout 
a section or over a large portion of one as a distinct rim beneath the 
capsule; more often it cannot. Where it is deficient, the zona 
fasciculata extends to the capsule (Figure 46.22). The zone is often 
easier to identify 
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in autopsy preparations. In routine hematoxylin and eosin 
preparations, the band may merge with and be separated with 
difficulty from the outer cells of the zona fasciculata. 


Figure 46.20 Normal adrenal gland. A thick capsule surrounds 
the adrenal cortex (outer clear zona fasciculata and inner 
eosinophilic zona reticularis) that encloses the basophilic adrenal 
medulla. An area of medulla in the ala (arrow) is not in continuity 
with the main mass of medulla. The adrenal vein is surrounded 
by a cuff of invaginated cortex. 
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Figure 46.21 Normal adrenal gland. A. The normal pattern of 
zonation of the cortex is seen (clusters of cells with stainable 
cytoplasm in the zona glomerulosa, columns of cells with clear 
cytoplasm in the zona fasciculata, and cells with acidophilic 
cytoplasm in the zona reticularis). There is a sharp interface 
between the cortex (zona reticularis) and medulla (clusters of 
cells with basophilic cytoplasm). B. Zona glomerulosa composed 
of packed clusters and short trabeculae of cells beneath the 
adrenal capsule and superficial to the columns of vacuolated cells 
of the zona fasciculata. The zona glomerulosa nuclei tend to be 
oval; those of the zona fasciculata are round. 


The zona glomerulosa cells are well outlined and aggregated into 
small clusters that are supported by a minimal amount of 


fibrovascular stroma (Figure 46.21). The clusters occasionally merge 
into short trabeculae, straight, bent, or hairpin shape. The cells that 
tend to be columnar also occur in short cords or one-cell rows set 
parallel to the capsule. The cytoplasm is faintly acidophilic or 
amphophilic and minimally to distinctly vacuolated. The round nuclei 
sometimes are indistinguishable from those of the other zones of the 
cortex, but often they appear slightly smaller and more deeply 
staining. Commonly, they are ellipsoidal and elongated and display a 
longitudinal groove, a nuclear configuration not seen in the deeper 
areas of the cortex (Figure 46.21). The nuclear to cytoplasmic ratio 
is high. 


Zona Fasciculata 


The zona fasciculata is a broad band, more than half the thickness of 
the cortex, that lies between the zona glomerulosa (Superficial) and 
the zona reticularis (deep) (Figures 46.20, 46.21, and 46.23). The 
transition between the zones is not sharp. The zona fasciculata cells 
are large, have distinct cell membranes, are arranged in two-cell 
wide cords (with the cord axes perpendicular to capsule) and are 
bounded laterally by parallel-running capillaries. The nuclei are more 
vesicular and less chromatic than those of the zona glomerulosa, 
feature a single small nucleolus, and are central in the cells. 
Especially in the outer two thirds of the zone, the cells are filled with 
lipid (cholesterol, fatty acids, and neutral fat), much of which is 
birefringent (Figure 46.24). Because this lipid is dissolved with the 
usual technical procedures, the fasciculata cells have a spongy, 
vacuolated, clear appearance and are often referred to as clear cells. 
When frozen, and sections are stained with a vital dye or stained for 
fat, the large amount of intracellular lipid can be appreciated (Figure 
46.24). The yellow color of the zone seen grossly is due to this high 
lipid content. 


Zona Reticularis 


The zona reticularis lies deep to the zona fasciculata, and in the head 
and body of the gland abuts on the medulla (Figures 46.9, 46.20, 
46.21, and 46.23). In the tail of the gland, 
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where there is no medulla, the zona reticularis is in contact with 
zona reticularis forming a lateral raphe. It constitutes approximately 
one quarter of the thickness of the cortex. Zona reticularis cells are 
arranged in a spongelike meshwork of gently buckled anastomosing 
one-cell wide rows of cells that are separated by dilated capillaries. 
The well-outlined cells are smaller than those of the zona fasciculata 
and have cytoplasm that is granular, acidophilic, and relatively lipid 
Sparse. The cytoplasm is sometimes referred to as â€œcompactâ€ e 
and the reticularis cells as a€oecompact cells.a€* The deepest cells 
adjacent to the medulla usually contain yellow lipochrome pigment 
(lipofuscin), diffusely distributed as coarse granules in the cytoplasm 
or localized in a single body (Figure 46.25). The yellow pigmentation 
of the cytoplasm extends outward into the reticularis for a variable 
distance. The solid granular eosinophilic cytoplasm and the 
lipochrome pigment combine to produce the dark brown coloration of 
the zone seen on cut surface of a fresh or formalin-fixed gland. 


Figure 46.22 Normal adrenal cortex with discontinuity of zona 
glomerulosa. Zona glomerulosa (upper half) composed of clusters 
of cells with amphophilic cytoplasm forms a distinct band beneath 
the capsule and is sharply demarcated from the deeper zona 
fasciculata with its clustered cells having clear cytoplasm. Where 
the zona glomerulosa is absent (lower half), the zona fasciculata 
extends to the capsule. 


Accessory (Heterotopic) Adrenal 


The adrenocortical primordium initially is Uunencapsulated and 
develops, as has been mentioned, close to the emerging gonad. 
Therefore, it is not surprising that (a) some cells of the 
unencapsulated adrenocortical primordium may become associated 


with and migrate alongside the gonad (testis or ovary) to be found 
postnatally distant from the adrenal in the path of gonad descent and 
(b) cortical cells not sequestered by adrenal capsule formation are 
subsequently found in the retroperitoneal fat close to the adrenal 
glands. In practice, accessory adrenocortical tissue is most often 
encountered around the adrenal glands themselves (Figure 46.26); it 
also occurs in the inguinal region and around the ovary, fallopian 
tube, epididymis, and rete testis. Microscopically, accessory cortex 
shows normal zonation and responds to ACTH. Rarely, medulla is also 
present (Figure 46.26). 


Adrenocortical Nodules 


Adrenocortical nodules, roughly spherical, uncapsulated areas of 
hypertropic and hyperplastic cortical cells, are not regarded as true 
neoplasms. They range in size from microscopic to grossly obvious 
lesions (12). Before the fourth decade of life, they are rare; 
thereafter, they are encountered with increasing frequency. Although 
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regarded by some as an aging phenomenon, they are not invariably 
found in older individuals. Usually, multiple nodules commonly 
consist of large, lipid-laden clear cells; some nodules are composed 
of clear and compact cells; a minority feature reticularis-type cells 
only (Figure 46.27). The smallest nodules may be found at any level 
of the cortex, but usually they occur in the zona fasciculata. Initially, 
they appear to be the result of hypertrophy of contiguous cells in 
three or more adjacent cords. The smallest ill-defined nodules thus 
have the cord structure of the parent tissue. As they enlarge further 
due to cell proliferation, this organized appearance is lost, and larger 
nodules are patternless. Large nodules cause compression and 
distortion of the surrounding cortex. 


Figure 46.23 Normal adrenal cortex. Zona fasciculata (upper) 
features two-cell wide columns of cells with clear cytoplasm, and 
zona reticularis (lower) consists of cells having acidophilic 
granular cytoplasm that do not form a distinct pattern. Nuclei are 
vesicular, and nucleoli are small. 


Figure 46.24 Normal adrenal cortex. A. Partial polarization 
shows high lipid content of zona fasciculata and low content of 
zona glomerulosa (above) and zona reticularis (below). B. Fresh 
frozen section of adrenal cortex stained with polychrome 
methylene blue. One complete band of cortex (above) and 
portion of another (below) is seen; the junction point between 
the two is located by the dilated sinusoidal tributaries of the 
central adrenal vein. Zona fasciculata cells are packed with lipid 
globules. There are fewer globules in the zona glomerulosa 
(beneath the adrenal capsule) and in the zona reticularis (on 
either side of the sinusoidal vessels). 


Medulla 


The medulla is situated in the interior of the organ in the head and 
body of the gland, deep to the zona reticularis (Figures 46.9 and 
46.20). Its area and weight are one tenth those of the cortex (1,3). 
The medulla rarely measures more than 2 mm in thickness. Because 
of the different staining of cells of the two tissuesa€”acidophilia in 
zona reticularis and basophilia in the medullaa€”the interface 
between cortex and medulla is readily visible on low-power 
microscopic examination. The junction is sharp, with no or minimal 
intervening connective tissue, leaving cortical and medullary cells in 
direct contact (Figures 46.20 and 46.25). 


The medulla extends to a variable extent into the crest of the gland 
(the ridge on the posterior surface) and into one or both of the alae 
(Figure 46.20). Areas of the medulla in the alae are not necessarily 
in direct continuity with the main mass of the medulla around the 
central veins. The medulla sometimes extends into the tail of the 
gland. The finding of medulla in this location therefore does not 
automatically equate with pathologic abnormalitya€”specifically, 
medullary hyperplasia. Rarely, a narrow tongue of medulla 
accompanied by a vessel or nerve or unaccompanied extends through 
the cortex to contact the capsule of the gland. 


The medulla, for practical purposes, is composed of a single cell 
population, the pheochromocytes (medullary or chromaffin cells) 
(Figure 46.28). Among the dominant population are scattered small 
groups of cortical cells and clusters and individual ganglion cells 
(Figure 46.29). Not 
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uncommonly, the ganglion cells feature cytoplasmic, round, lightly 
acidophilic, hyalin bodies, with concentrically arranged fibrillar 
appearance, up to 30 Aum in diameter (Figure 46.30). Sometimes 
these bodies appear to be external to the ganglion cells and to indent 
them; in immunostain preparations (vimentin and S-100) they are 
separated from the cells by a small amount of intercellular 
substance. It is unusual to observe these bodies in ganglion cells 


outside the adrenal medulla. Their nature has not been investigated. 
The pheochromocytes are arranged in tight clusters and short 
trabeculae, supported by delicate fibrovascular stroma (Figures 
46.28 and 46.31). Sustentacular cells at the periphery of the clusters 
and trabeculae are not seen in routine histologic preparations (13), 
but are readily demonstrated by immunostaining for S-100 protein 
(Figure 46.32). 


Figure 46.25 Corticomedullary junction. The zona reticularis of 
the cortex (upper) is sharply demarcated from the medulla 
(lower). The deepest cells of the zona reticularis contain granular 
yellowish pigment (lipofuscin). 


Figure 46.26 Accessory adrenal cortex in retroperitoneal fat. A. 
Normal zonation is suggested by the narrow rim of cells with 
clear cytoplasm that surrounds the main mass of cells with light 
eosinophilic cytoplasm. B. Ganglion cell (arrow) indicating 
presence of medulla among cortical a€ocecleara€* and 
a€cecompacta€* cells. The latter contain lipofuscin. 


The pheochromocytes are moderately large cells, polygonal to 
columnar, and slightly to considerably larger than cortical cells. 
Poorly outlined, their complete cell borders are visible only 
occasionally. Although the cytoplasm of most medullary cells is 
basophilic, finely granular and occasionally vacuolated, sometimes it 
is amphophilic or slightly acidophilic. Rarely is it partly basophilic and 
partly acidophilic. The resulting variability and unevenness of 


medullary cytoplasmic staining and cytoplasmic vacuolization often 


impart 


an overall mottled light and dark appearance at intermediate 


P.1182 
P.1183 
magnification. A rare normal cell has one or more periodic acid-Schiff 


positive cytoplasmic colloid droplets (Figure 46.33). The majority of 
the medullary cells are roughly similar in size, but occasionally 


standard-sized cells merge with groups of cells that are much smaller 


or much larger (Figure 46.31). 


cells 


Figure 46.27 Cortical nodules (36-year-old man). A. Suggestive 
nodule in the mid-cortex.B. Distinct nodule composed of clear 


in outer cortex. 


Figure 46.28 Normal adrenal medulla. Clusters of poorly 
outlined cells with basophilic cytoplasm are separated by a 
vascularized supporting stroma. There is some variation in 
nuclear size and shape. 


Figure 46.29 Normal adrenal medulla. Pheochromocytes are 

arranged in poorly delineated clusters. An irregularly shaped 

group of cortical cells (upper left) and an isolated ganglion cell 
(arrow) are present. 


Figure 46.30 Normal adrenal medulla. A group of ganglion cells 
demarcated by pheochromocytes (upper right and lower left) and 
a nerve (upper left). A number of the ganglion cells feature 
cytoplasmic acidophilic bodies, some outlined by a rim of 
retracted cytoplasm (arrows). There are two such bodies in one 
cell. 
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Figure 46.31 Normal adrenal medulla. A. Pheochromocytes 
arranged in vague clusters. Cell outlines are visible here and 
there. Nuclear variation in size and shape is typical. The nuclear 
chromatin is coarsely clumped and often marginated at the 
nuclear membrane. B. Variation in cell size, nuclear size, and cell 
pattern. 


The nuclei of medullary cells characteristically have slight but 
definite variability of size, shape, and location in the cell. Most 
pheochromocyte nuclei are slightly larger than those of cortical cells, 
but nuclei that are larger and smaller than the usual ones are 
common. The usual nucleus has a finely or coarsely clumped 
chromatin pattern with a relatively clear nuclear background (Figure 
46.31). The chromatin tends to be peripherally disposed and 


separated into irregular clumps. Larger nuclei often have a prominent 
eosinophilic nucleolus; smaller nuclei are deeply staining. A rare cell 
has two or more nuclei. 


The nuclei exhibit slight but definite polymorphism. Most are 
spheroidal, but many are ellipsoidal, and some have other shapes. 
Large, intensely hyperchromatic and sometimes pleomorphic nuclei 
are common, usually single and located close to the corticomedullary 
junction (Figure 46.34). The positions of the nuclei in the cells are 
not fixed; most are central, but some tend to be eccentric, located 
away from the vascular pole (Figure 46.35). 


The medullary cells have several distinctive histochemical reactions 
related to their content of secretory granules. The granules contain 
catecholamines, dihydroxy derivatives of tyrosine, that are converted 
to colored polymers by oxidizing agents such as potassium 
dichromate, ferric chloride, ammoniacal silver nitrate, and osmium 
tetroxide. The oxidized and polymerized derivatives are termed 
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adrenochromes. This staining has been called the chromaffin 
reaction. 


Figure 46.32 Normal adrenal medulla. A. Pheochromocytes 
arranged in trabecular pattern outlined by a delicate vascular 
supporting stroma. B. Sustentacular cells identified by S-100 
immunostain that also highlights two nerves. 


Figure 46.33 Normal adrenal medulla. Cytoplasmic globules, a 
rare finding in normal pheochromocytes, stained with periodic 
acid-Schiff. Condensation of the nuclear chromatin at the nuclear 
membrane is well demonstrated. 


Figure 46.34 Normal adrenal medulla. Pheochromocyte nuclear 
atypia at the corticomedullary junction. The number of atypical 
pheochromocyte nuclei crowded together here is unusual; 
ordinarily, the atypical nuclei are seen one to a medium-power 
field. The pheochromocytes have basophilic granular cytoplasm. 
The zona reticularis (left) features cells with granular eosinophilic 
cytoplasm and lipofuscin. 


Figure 46.35 Normal adrenal medulla. Uncommon pattern in 
which pheochromocytes are columnar in shape with nuclei that 
are located away from the vascular pole. The variations in size 
and shape of the nuclei are typical. Cytoplasmic staining is 
uneven and ranges from almost clear to basophilic and granular. 


Figure 46.36 Normal adrenal medulla. Aggregates of 
lymphocytes and plasma cells are often encountered. 


Figure 46.37 Normal adrenal medulla. Bundles and strands of 
smooth muscle are derived from the smooth muscle of central 
vein. 


Ganglion cells are scattered randomly among the pheochromocytes 
or in groups, often associated with a nerve (Figure 46.29). Their 
number varies greatly from medulla to medulla; accordingly, they are 
found easily or not. Cortical cells also are a regular component of the 
medulla, found in irregularly shaped groups, sometimes in continuity 
with the zona reticularis, but more often not (Figure 46.29). 


Single or multiple small-to-large accumulations of round cells, 
plasma cells, and lymphocytes (positive for leukocyte common 
antigen), often paravascularly located, are common in the normal 
medulla (Figure 46.36). They have no known significance. The 


delicate vascular stroma of the medulla is not conspicuous. 
Sometimes it is augmented focally by prolongations of the 
musculature of the central veins that separate groups of medullary 
cells (Figure 46.37). 


Immunohistochemistry 


Cortex 


Cells of the normal adrenal cortex are reported to be immunoreactive 
against a cytokeratin cocktail and AE1 (14). In our experience, small 
groups of cells and isolated cells of the three zones have strong 
reactivity to low- and medium-molecular-weight keratin antibodies 
(CAM 5.2 and AE1, and MAK 6, respectively). Reactivity is greatest in 
the zona 
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glomerulosa and external zona fasciculata, with some strongly 
reactive cells in the deep zona reticularis. The character of the 
staining is variable, membranous, punctate cytoplasmic, diffuse 
cytoplasmic, and perinuclear, in decreasing order of frequency. There 
is weak staining to the keratin antibodies, often diffuse, in the zona 
reticularis. The zona glomerulosa is vimentin positive (Figure 46.38). 
Cells of the outer zona fasciculata and the zona reticularis are 
positive for melan A and inhibin i+, respectively (Figure 46.39). Cells 
of the three zones are variably synaptophysin positive. Cortical cells 
do not stain with epithelial membrane antigen, chromogranin, or S- 
100 antibodies. 
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Figure 46.38 Normal adrenal cortex. Zona 


positively for 


vimentin. 


glomerulosa stains 


Figure 46.39 A. Melan A stains the outer zona fasciculata most 
strongly. B. Inhibin i+ stains the region of the zona reticularis 
strongly and the remainder of the cortex weakly. 


Medulla 


Pheochromocytes stain with antibodies to chromogranin and 
synaptophysin. The sustentacular cells that mantle the clusters and 
trabeculae of pheochromocytes are S-100 protein positive (Figure 
46.40), as are nerves in the medulla. Some pheochromocytes stain 
with S-100 antibodies. 


Ultrastructure 


Cortex 


There are ultrastructural features shared by the three layers of the 


cortex relating to their common functiona€”synthesis of steroid 
hormones. The cells feature voluminous endoplasmic reticulum, 
stacks of rough endoplasmic reticulum, a well-developed Golgi 
apparatus, lysosomes, and many mitochondria. The distribution and 
internal structure of some of the organelles (e.g., the mitochondria) 
vary from zone to zone. Using the electron microscope, the 
sometimes distinct transition seen between the zones is not 
apparent; rather, a gradual alteration from one organelle distribution 
and type to another being observed. Mitochondria in the zona 
glomerulosa are round, oval, or elongate, with lamellar infolded 
cristae, resulting in a ladderlike internal structure, similar to that 
found in many other 
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tissues (Figure 46.41). In the zona fasciculata, these organelles are 
large, spherical, and feature tubular cristae (Figure 46.41). Lipid 
droplets are large and numerous. The mitochondria in the zona 
reticularis (Figure 46.41) tend to be more elongated and exhibit 
tubular and vesicular cristae that are a feature of steroid-producing 
cells. Lipofuscin granules, membrane-bound organelles with a 
moderately dense matrix that contains dense granules and clear lipid 
globules are prominent. Glycogen is present. 


Figure 46.40 Normal adrenal medulla. A. Medulla (below) stains 
with chromogranin antibodies; cortex is unstained. B. 
Sustentacular cells and about one half of the pheochromocytes 
are stained by S-100 protein antiserum. 


Figure 46.41 Normal adrenal cortex. A. Electron micrograph of 
mitochondria in the zona glomerulosa have lamellar pattern. B. 

Mitochondria in the zona fasciculata have a tubular and vesicular 
pattern. C. Mitochondria in the zona reticularis are elongated and 
have a vesicular appearance. Bar =1 Aum. 


Figure 46.42 Normal adrenal medulla. Electron micrographs of 
medullary secretory granules. A. Epinephrine granules with a 
variably electron-dense content that fills the majority of the 
sacs. B. Content of norepinephrine granules is electron dense 
and often eccentrically located. Bar = 1 Aum. 


Medulla 


Catecholamine-secreting cells dominate the medulla. Two cell types, 
epinephrine and norepinephrine, distinguished by granule type are 
present. In tissue fixed in glutaraldehyde, cells that contain 
epinephrine feature granules (Figure 46.42) measuring about 190 
Aum in diameter, with a finely granular texture that is moderately 
dense but not opaque, and fills the enclosing membrane. 
Norepinephrine-secreting cells have granules (Figure 46.42) that are 


electron opaque, often located eccentrically within a dilated sac, and 
measure about 250 Aum in diameter. 
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Introduction 


The results of numerous studies over the past 50 years have 
established that there are many striking similarities between 
neurons and neuroendocrine cells. Both cell types have polarized 
membrane orientations, two separately regulated secretory 
pathways, neurotransmitter synthesizing enzymes and neural cell 
adhesion molecules (1 ). Detailed biochemical and molecular 
studies have shown a commonality of biosynthetic products that 
may act as classical hormones, neurotransmitters, and paracrine 
or autocrine factors. Accordingly, concepts of the endocrine 
system have been expanded to include not only the traditional 
endocrine glands but also the peptidergic neurons and the system 
of neuroendocrine cells that is dispersed throughout many tissues 
of the body. Although neuroendocrine cells are discussed in the 
context of other tissues and organs in other chapters of this 
volume, this chapter will provide a more general overview of this 
fascinating cell type. 


Historical Perspectives and 
Nomenclature 


Current concepts of the neuroendocrine system evolved directly 
from a series of seminal observations that were 
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initiated more than a century ago. Heidenhain, in 1870, 
demonstrated a population of chromaffin cells in the 
gastrointestinal tract and suggested that they might have an 
endocrine function (2 ). Pierre Masson (3 ) later showed that the 
intestinal chromaffin cells were also argentaffin positive, and 
subsequent studies by Hamperl (4 ) using argyrophilic staining 
techniques led to the identification of a second population of 
putative endocrine cells within the intestine and a variety of 
extraintestinal sites. Feyrter, in 1938, suggested that the clear 
cells (helle Zelle) of the gastrointestinal tract formed a diffuse 
epithelial endocrine system (da€cediffuse epitheliale endokrine 
organea€* ) and that some of these cells might have a paracrine 
or local hormonal action (5 ,6 ). Similar groups of clear cells were 
illustrated by FrA{lich within the bronchial tree, and Feyrter also 
considered them to be a part of the diffuse epithelial endocrine 
system (7 ). Ultimately, the argentaffin, argyrophil, and clear cells 
were recognized as components of a diffusely distributed system 
of endocrine cells (8 ). 


The modern view of the neuroendocrine cell and neurosecretory 
neuron stemmed directly from the observations that oxytocin and 
antidiuretic hormone were synthesized by hypothalamic neurons 
and were stored within neuronal processes in the posterior 
pituitary before their release into the circulation (9 ). 

Furthermore, the discovery that hormone-releasing and -inhibiting 
factors were synthesized by hypothalamic neurons, transported via 
axonal transport to the median eminence, and secreted into the 
pituitary portal system for interactions with specific 
adenohypophyseal cell types, established without doubt that 


neurons could function as endocrine cells (9 ) (Figure 47.1 ). 
These cells essentially could serve as neuroendocrine transducers 
by converting electrical input directly into chemical or hormonal 
Signals (10 ). 


Figure 47.1 Secretory activities of neuroendocrine cells and 
neurons. A. Neuroendocrine cells may secrete their products 
through the basement membranes into adjacent capillaries for 
interactions with target tissues at distant sites (endocrine 
function). B . Neuroendocrine cells may secrete their products 
locally to influence the activities of adjacent epithelial cells 
(paracrine function). C . Neuroendocrine cells may secrete their 
products within a glandular lumen (luminal secretion). D . Neurons 
may secrete their products into the circulation for interactions with 
target tissues at distant sites (neuroendocrine function). E . 
Neurons also may secrete products that serve as 

neurotransmitters or neuromodulators. (Adapted with permission 
from: 

Larsson LI, Goltermann N, de Magistris L, Rehfeld JF, Schwartz 
TW. Somatostatin cell processes as pathways for paracrine 


secretion. Science 1979; 205: 1393a€“1395. 
) 


The discovery that the argyrophil/argentaffin cells and the cells of 
Feyrter's diffuse epithelial endocrine system did, indeed, have an 
endocrine function originated from studies conducted in the early 
to mid-1960s on the source of the hormone calcitonin (11 ,12 ). 
The thyroid glands of many species were known to contain 
parafollicular cells, which appeared clear in hematoxylin and 
eosina€“stained sections and which showed varying degrees of 
argyrophilia or argentaffinity (13,14 ). With immunofluorescence 
techniques, the parafollicular cells were ultimately shown to be the 
source of calcitonin, for which they were subsequently renamed C 
cells (15 ,16 ). These studies also led to the discovery that certain 
endocrine cells shared a series of remarkable functional and 
morphologic similarities with neurons (15 ). 
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In addition to the presence of calcitonin, C cells had the ability to 
synthesize and store catecholamines or indolylethylamines after 
uptake and decarboxylation of precursors of these substances (15 
). The latter property led to the introduction of the descriptive 
acronym APUD (amine precursor uptake and decarboxylation) (13 
). The APUD mechanism was subsequently identified in certain 
cells of the anterior pituitary and pancreatic islets. Cholinesterase, 
nonspecific esterases, /+-glycerophosphate dehydrogenase, and 
certain endogenous amines were also noted variably across 
diverse animal species and among different endocrine cell types 
(14 ) (Table 47.1 ). 


In comparing the APUD cells of the thyroid, pancreas, and pituitary 
to cells of known neural ancestry, Pearse suggested that a€cethe 
amine storing mechanism and presence of cholinesterase together 
point towards a common ancestral cell of neural origin, perhaps 
coming from the neural cresta€* (15 ). The list of APUD cells was 


then expanded to include almost all the peptide- and amine- 
producing cells throughout the body, including the adrenal 
medulla, extra-adrenal paraganglia, and parathyroid glands. 


As the numbers of candidate APUD cells increased (17 ), it was 
recognized that the synthesis of regulatory peptides was a more 
consistent functional parameter than was synthesis of amines, and 
amine synthesis was ultimately dropped from the definition of 
these cells. In view of the many similarities between APUD cells 
and neurons, the essentially synonymous term, 

a€ceparaneurona€* was introduced by Fujita and Kobayashi (18 ). 
Paraneurons, according to Fujita (19 ), were endocrine and 
sensory cells that shared structural, functional, and metabolic 
features with neurons and that produced substances identical with 
or related to neurohormones and neurotransmitters. The 
paraneurons also possessed neurosecretory-like granules and 
synapse-like vesicles, and they recognized stimuli on specific 
receptors and released their products via the secretory portion of 
the cell. Many investigators also began to apply the term 
a€ceneuroendocrine cella€* to these cells (17 ). 


Fluorogenic amine content 

Amine precursor (5-hydroxytryptophan and DOPA) uptake 
Aromatic amino acid decarboxylase 

Nonspecific esterase or cholinesterase 

Alpha glycerophosphate dehydrogenase 

Cytosolic proteins 

Neuron specific enolase, protein gene product 9.5 (PGP 9.5), 
histaminase, some enzymes involved in amine synthesis 
Secretory Granule/Membrane Proteins 
Chromogranins/secretogranins, prohormone convertases, 
peptidylglycine alpha amidating monooxygenase and related 
enzymes, some enzymes involved in amine synthesis, cytochrome 
b561. 

Synaptic vesicle, docking and plasma membrane proteins 


Vesicle membrane protein 

Synaptophysin, synaptic vesicle protein 2, vesicular monoamine 
transporters, vesicle associated membrane protein 
(VAMP)/synaptobrevin, Rab3a, synaptotagmin 

Plasma membrane 

SNAP-25 (synaptosomal protein of 25kDa), syntaxin 

Other markers 

CD56 (NCAM), CD57, transcription factors (TTF-1, CDX2, pit-1, 
adrenal 4 _ site/steroidogenic factor), somatostatin receptors (sst2) 
a The first six markers in this listing were described by Pearse in 
the original formulation of the APUD concept; however, 
endogenous amine content and the capacity for amine precursor 
uptake and decarboxylation are present only in some members of 
the dispersed neuroendocrine cell system. 


Table 47.1 Markers ? of Neuroendocrine Cells 


Embryology 


Embryologic data using the chicka€“quail chimera system have 
now refuted the neural crest origin of most neuroendocrine cells 
(20 ,21 ). Currently, the only neuroendocrine cells of proven 
neural crest origin are those of the adrenal medulla, extra-adrenal 
paraganglia, cells of the myenteric plexus and sympathetic 
ganglia, and the thyroid C cells (20 ,21 ); however, several studies 
have questioned the neural crest origin of C cells (22 ). The 
peptide- and amine-producing cells of the bronchopulmonary tract 
and gastroenteropancreatic axis have now been shown to be of 
endodermal origin. 


Studies of normal, chimeric, and transgenic mice have suggested 
that all gut epithelial cells, including endocrine cells, originate 
from a single multipotential stem cell present within the base of 
the intestinal crypts, whereas pancreatic endocrine cells appear to 
originate from the ductal epithelium. However, those factors 


responsible for the modulation of ductal epithelium into islets of 
Langerhans remain largely unknown (23 ). 


Although the neural crest origin of most neuroendocrine cells is no 
longer tenable, the list of neuroendocrine markers has continued 
to expand (Table 47.1 ). In its current context, the term 
a€ceneuroendocrinea€* does not imply an embryologic origin from 
the neuroectoderm but rather implies a shared phenotype 
characterized by the simultaneous expression of multiple genes 
encoding a wide variety of neuronal and endocrine traits (24 ,25 ). 


Molecular Aspects of Neuroendocrine 
Cell Development 


Although the precise mechanisms for the acquisition of the 
neuroendocrine phenotype have not been conclusively identified, 
recent studies suggest an important role for both 
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positively and negatively acting transcription factors. An important 
class of regulatory proteins includes those with common DNA 
binding and dimerization domains, the basic helix-loop-helix (b- 
HLH) region. The genes encoding these proteins are analogous to 
the achaetea€“scute complex, which has been identified during 
neuronal differentiation in Drosophila (26 ). The homologous 
mammalial genes have been named mammalian achaetea€“scute 
homologs (MASH) while the homologous human genes have been 
termed HASH. In Drosophila, one group of b-HLH factors encoded 
by genes such as MASH-1 activates neural differentiation whereas 
another group of b-HLH factors encoded by Hesl represses 
neuronal differentiation. Repressive b-HLH factors such as Hesl 
(hairy enhancer of split) appear to be regulated by the Notch 
pathway (27 ,28 ). Known targets of Hesl mediated silencing 
include MASH1/HASH1 in the nervous system and lung. 
Neuroendocrine differentiation in the gastrointestinal tract and 
pancreas, which are under the control of b-HLH factors, are also 


inhibited by Hesl1. 


MASH1 (HASH1 in humans) plays a critical role in the development 
of the nervous system and neuroendocrine cells of the lung, 
adrenal medulla, and thyroid (C cells) (29 ). In the developing 
mouse lung, MASH1 staining coincides with the appearance of 
synaptophysin and calcitonin gene related peptide in the 
neuroendocrine cells. Pulmonary neuroendocrine cells are absent 
from MASH1 knockout mice while Hesl knockout mice demonstrate 
the precocious appearance of neuroendocrine cells, which also are 
hyperplastic. The results of this study indicate that MASH1 is 
critical for neuroendocrine differentiation while Hesl_ inhibits 
neuroendocrine differentiation by inactivation of MASH1. Notch 
receptors, which can activate Hesl, are expressed in 
nonneuroendocrine cells and are also regulated by Hesl. These 
observations suggest that Notch receptors can play important roles 
in differentiation towards nonneuroendocrine cells. In addition to 
the Notch/Notch ligand pathways, other pathways such as Sonic 
hedgehog may also play important roles in the differentiation of 
airway epithelial cells. 


site 


see bh Vira ger 


Figure 47.2 Diagram of typical open-type neuroendocrine cell. 
Secretory granules are concentrated at the basal pole of the cell. 
Stimulation of such a cell leads to the release of hormonal product 


by the process of exocytosis. The basal lamina is indicated by the 
stippled area. Secretory granules are also present in the apical 
extension of the cell. 


Light Microscopy and Histochemistry 


Neuroendocrine cells are difficult to recognize in routinely 
prepared hematoxylin and eosina€“stained sections, where they 
may appear as oval, pyramidal, or flask-shaped, often with clear 
cytoplasm (Figures 47.2 and 47.3 ). In some instances, the 
cytoplasm may contain fine eosinophilic granules that are often 
difficult to resolve with usual microscopic preparations. Some 
neuroendocrine cell types, such as those of the intra- and extra- 
adrenal paraganglia and gastrointestinal tract, develop a 
characteristic brown to yellow coloration after primary fixation in 
potassium dichromate or chromic acid. This pigment results from 
oxidation of cellular stores of catecholamines (intra- and extra- 
adrenal paraganglia) or serotonin (gastrointestinal tract and other 
sites). In the gastrointestinal tract, the chromaffin-positive cells 
have also been referred to as a€ceenterochromaffin cellsa€* (EC). 


Some neuroendocrine cells exhibit a characteristic yellowa€“green 
fluorescence after fixation in formaldehyde and other aldehyde 
fixatives (30 ) (Figure 47.4 ). In some instances, the cells may 
become fluorescent only after administration of L- 
dihydroxyphenylalanine (DOPA) or  5-hydroxytryptophan. 
Formaldehyde forms highly fluorescent tetrahydroisoquinoline 
condensation products with catecholamines and {2-carboline 
derivatives with tryptamines such as_ serotonin. Occasionally, 
strong fluorescence may be observed after formalin fixation and 
paraffin embedding. In other instances, freeze-dried tissues or 
fresh-frozen sections must be used for the demonstration of 
cellular stores of amines (30 ). 


Figure 47.3 Comparison of a€ceopena€*s (A ) and da€cecloseda€s 
(B andC ) neuroendocrine cells. A . Open cells may be found 
within the gastrointestinal tract and other sites. B . Closed cells 
are also widely distributed. The thyroid C cells are typically of the 
closed type. C . The Merkel cells of the skin are innervated closed- 
type neuroendocrine cells. 
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Some neuroendocrine cells, including those of the gastrointestinal 
tract, have the ability to reduce ammoniacal silver to the metallic 
state (3 ,4 ). Such cells are termed â€œargentaffin cellsa€e 
(Figure 47.5 ). In many other neuroendocrine cells, silver 
positivity is evident only after the addition of an exogenous 
reducing agent to the staining solution, and such cells are said to 
be argyrophilic. The chromaffin and argentaffin reactions of 
neuroendocrine cells in the gastrointestinal tract are due primarily 
to the presence of serotonin. While argentaffin cells are also 
argyrophilic, only a subset of argyrophil cells is argentaffin 
positive (31 ). The chemical basis of the argyrophil reactions 
(Grimelius, Churukian-Schenk, Sevier-Munger) is unknown, 


although it is apparent that reduced silver salts have an affinity 
for a nonamine constituent of neuroendocrine secretory granules 
(32). 


Figure 47.4 Formalin-fixed rectal mucosa photographed in 
ultraviolet light. The strongly fluorescent cells (arrows ) 
correspond to the serotonin-containing enterochromaffin-type 
cells. 


Figure 47.5 Colonic mucosa stained for argentaffin cells with the 
Masson-Fontana technique and methyl green counterstain. The 
argentaffin cell (arrow ) illustrated in this field is characterized by 
the presence of black cytoplasmic granules. LP, lamina propria. 


The argyrophil staining techniques have been used extensively for 
the identification of neuroendocrine cells; however, it should be 
recognized that these stains are nonspecific. Cellular products 
such as lipofuscin, glycogen, and certain proteins including Î=- 
lactalbumin may be argyrophilic (33 ). Alternatively, some 
neuroendocrine cells are argyrophilic only with certain silver 
staining sequences (Table 47.2 ). 


Most neuroendocrine cells stain metachromatically with toluidine 
blue and coriophosphine O after acid hydrolysis of tissue sections 
(34 ). This property has been referred to as masked 
metachromasia. Acid hydrolysis not only removes DNA and RNA 


from the cells but also converts side chain carboxamido groups to 
carboxyls, which are free to react with the dyes. Both 
chromogranin proteins and peptide hormones are most likely 
responsible for the property of masked metachromasia in 
neuroendocrine cells (34 ). Lead hematoxylin also has been used 
for the demonstration of neuroendocrine cells (34 ). 
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G 

Gastrin, ACTH 

150a€“400 

Round, moderately dense cores; argyrophilic® 

D 

Somatostatin 

250a€“400 

Round, moderately dense cores; argyrophilic only by 
Hellerstroma€“Hellerman technique 

IG 

Gastrin 

150â€“220 

Round, dense; argyrophilic 

S 

Secretin 

180â€“220 

Round to slightly irregular; weakly argyrophilic 

| 

Cholecystokinin 

240â€“300 

Round with moderately dense cores; nonargyrophilic 
K 

GIP 

200â€“250 

Round, irregular with dense eccentric cores and less dense matrix 
which is argyrophilic by 

Sevierâ€“Munger technique 


N 

Neurotensin 

Up to 300 

Round moderately dense; variably argyrophilic 
L 

Enteroglucagon 

250a€“300 

Round, moderately dense; variably argyrophilic 
ECs 

5-HT, substance P, leu-enkephalin 

200a€“300 

Pleomorphic with dense cores and thin halo; argentaffinic 
EC? 

5-HT, motilin-like, | leu-enkephalin 


200a€“400 

Pleomorphic, round to irregular, angulated; argentaffinic 
E Cn 

5-HT, unknown 

200â€“300 


Elongated or oval, variably electron dense; argentaffinic 
ECL 
Histamine 


Pleomorphic, round to elongated, moderately dense contents; 
argyrophilic 

Di 

VIP-like 

140a€“200 

Round to pleomorphic granules, moderately to highly electron- 
dense cores with narrow halo; argyrophilic 

P 

Bombesin/GRP 

90â€“150 

Electron-dense cores; variably argyrophilic 


X 

Unknown 

Up to 250 

Round granules, moderately dense cores; argyrophilic 

a Reprinted with permission from: Dayal Y. Endocrine cells of the 
gut and their neoplasms. In: Norris HT, ed. Pathology of the 
Colon, Small Intestine and Anus. New York: Churchill Livingstone; 
1983: 267a€"“300. 

b Argyrophilia, unless otherwise stated, refers to results with 
Grimelius technique. 


Granule 
Cell Size 
Type Hormone(s) (nm) Morphology/ Histochemistry 


Table 47.2 Functional and Morphological Characteristics 
of Gut Endocrine Cells @ 

Neuroendocrine cells tend to be dispersed among other cell types 
as single cells or as aggregates of three to four cells (Figure 47.3 
). The basal aspects of the cells are closely applied to the 
Subjacent epithelial basement membrane. Processes often extend 
from the cytoplasm to surround adjacent epithelial cells, and such 
neuroendocrine cells are referred to as a€ceparacrine cellsa€* (35 
,36 ) (Figures 47.6 and 47.7 ). The products of paracrine cells are 
thought to be released locally where they influence the activities 
of adjacent endocrine and nonendocrine cells (35 ). The apex of 
the neuroendocrine cell may extend directly to the glandular 
lumen (open-type cell) or may be covered by the cytoplasm of 
adjacent epithelial cells (Figures 47.3 and 47.8 ). The latter cells 
are referred to as closed neuroendocrine cells (37 ,38 ,39 ) (Figure 
47.3 ). The products of open endocrine cells may be secreted 
directly into the lumen of a hollow viscus. In addition, such apical 
processes may subserve a receptor function. Although the majority 


of neuroendocrine cells are not directly innervated, some cells, 
such as those of the skin and bronchial tree, may be innervated 
(Figure 47.3 ). 


In the gastrointestinal tract, scattered neuroendocrine cells are 
also found within the lamina propria (40 ) without attachment to 
the overlying epithelium. Such endocrine cells are typically 
surrounded by Schwann cells and unmyelinated nerve fibers to 
form an enterochromaffin cell (EC)a€“nerve fiber complex. The 
ECa€“nerve complexes are especially prominent in appendices with 
chronic inflammation and neural hyperplasia (40 ). Stromal 
endocrine cells also have been identified in the prostate gland (41 


Ja 


Phylogenetic and ontogenetic studies have suggested that neurons 
are the earliest component of the neuroendocrine system because 
they are present in the most primitive organisms (coelenterates) 
(42 ). The next evolutionary step is the appearance of open-type 
neuroendocrine cells in the gut, which are present in the most 
highly developed invertebrates. Such cells become extensively 
diversified in vertebrates. The presence of gastroenteropancreatic 
neuroendocrine glands of classic solid type (e.g., islets of 
Langerhans), on the other hand, is a feature that is restricted to 
true vertebrates (42 ). 


Figure 47.6 Gastric antrum stained for somatostatin using the 
peroxidasea€“antiperoxidase technique with diaminobenzidine as 
the chromogen (no counterstain). A process that extends from the 
cell body is closely applied to the basal regions of adjacent cells 
(arrow ). The somatostatin-positive cells at the lower position of 
this microscopic field appear to be without processes; however, 


the processes may be out of the plane of this section. 
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Ultrastructure 


The most characteristic ultrastructural feature of neuroendocrine 
cells is the presence of membrane-bound secretory granules or 
vesicles, which may vary from 50 to 500 nm in diameter (Figures 
47.9 and 47.10 ). Because of their relatively large size, these 
structures have also been referred to as large dense core vesicles 
(LDCV) or large dense core granules (LDCG) (1 ). Immunoelectron 
microscopic studies have shown that these granules represent 
storage sites of peptide and amine hormones. Granules storing 
different types of hormones are characterized by differences in 
size, density of contents, and substructure (43 ) (Table 47.2 ). 
Although most neuroendocrine secretory granules are round, 
others, such as those of the gastrointestinal EC and EC-like cells, 
are pleomorphic with elongated, reniform, round, oval, or pear- 
shaped forms. Secretory granules tend to be concentrated at the 
basal aspects of the cells in relatively close proximity to the 
basement membrane. Secretory granules are also prominent in 
cytoplasmic processes and in the apical extensions of the 
a€ceopena€* cells. In addition to secretory granules, many 
neuroendocrine cells also contain small synaptic-type vesicles 
(SSVs), which have been referred to as small synaptic vesicle 
analogs (1 ). The SSVs are responsible for the release of amino 
acid neurotransmitters (gamma amino butyric acid, glutamate, 
glycine) and various biogenic amines in a regulated fashion 
stimulated by increases in calcium, cAMP and cGMP (1). 


Apoptosis 


Apoptosis plays a critical role in the physiology of many endocrine 
tissues. For example, deprivation of growth factors, including 


thyrotropin, epidermal growth factor, and serum from cultures of 
thyrocytes, leads to DNA fragmentation and morphologic changes 
of apoptosis (44 ). Sasano et al. have studied the process of 
apoptosis in human adrenal cortex using the 3a€?-OH nick end- 
labeling or TdT-mediated deoxyuridine triphosphate-biotin nick 
end-labeling (TUNEL) method (45 ,46 ,47 ,48 ). With this 
approach, apoptotic cells were present both in the reticularis and 
glomerulosa, whereas proliferative cells were present primarily in 
the outer fasciculata. Studies of estrogen-induced prolactin cell 
hyperplasia in the rat have shown that withdrawal of estrogen 
results in increased numbers of apoptotic cells (49 ). This effect is 
enhanced by the administration of bromocriptine after estrogen 
withdrawal. 


Figure 47.7 Gastric antrum stained for somatostatin using the 
peroxidasea€“antiperoxidase technique with diaminobenzidine as 
the chromogen (no counterstain). The process of this 
somatostatin-positive cell extends along the basal portion of the 
gland. A portion of the process is out of the plane of section 
(arrow ). 
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Figure 47.8 Colonic mucosa stained for serotonin with the 
peroxidasea€“antiperoxidase technique with diaminobenzidine as 


the chromogen and methyl green as the counterstain. A cross 
section of a gland contains three open-type endocrine cells whose 
apical processes extend into the lumen. 


Figure 47.9 Electron micrograph of C cell from a patient with mild 
C-cell hyperplasia associated with the type II MEN syndrome. The 
C cell is present at the base of the follicle, where it is in direct 
contact with the basal cytoplasm of the overlying follicular cell. 
The basal lamina (bl) is focally thickened at the junction of the C 
cell and overlying follicular cells. The C cell is separated from the 
interstitium by the follicular basal lamina (arrows ). C, C cell; Co, 
colloid; F, follicular cell; IN, interstitium (original magnification 
A—14,000). 
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Figure 47.10 Electron micrograph of Merkel cell. Clusters of 
secretory granules (arrows ) are present within the Merkel (M) 
cells. S, squamous cell (original magnification A—27,000). 


P.1197 
Although there are few published studies of apoptosis in 
neuroendocrine cells of the gut and other sites, this process is 
initiated in neurons when the concentrations of target-derived 
neurotropic factors are reduced. Garcia and coworkers have 
demonstrated that overexpression of the bcl-2 protooncogene in 
cultured sympathetic neurons prevents apoptosis, which is 
normally induced by deprivation of nerve growth factor (50 ). It is 
likely that changes in neuroendocrine cell populations influenced 
by variations in tropic signals in the gastrointestinal system, 
pancreas, and other sites may be mediated by apoptosis. However, 
other mechanisms also may be operative. For example, Kaneto et 
al. have demonstrated that both exogenous nitrous oxide and 
nitrous oxide generated endogenously by interleukin (IL)-1 leads 
to apoptosis of isolated rat pancreatic islet cells. The action of 


streptozotocin appears to be mediated by a similar mechanism (51 
). These findings suggest that nitrous oxidea€“induced 
internucleosomal DNA cleavage is an important initial step in the 
destruction and dysfunction of pancreatic [2 cells induced by 
inflammatory stimuli or by the action of streptozotocin. 


Markers of Neuroendocrine Cells 


Neuroendocrine cells can be classified into those of neural 
(neurons, paraganglioma cells) and epithelial types. The former 
contain neurofilaments as their major intermediate filament type 
while the latter contain cytokeratins with or without 
neurofilaments. Both cell groups can be identified on the basis of 
their contents of specific hormones and neurotransmitter 
substances (52 ,53 ,54 ), as discussed in other chapters in this 
volume and by the presence of a variety nonhormonal products. 
The nonhormonal constituents of neuroendocrine cells include a 
wide array of cytosolic, secretory granule and vesicle membrane, 
and plasma membrane constituents. These products can be 
identified effectively via immunohistochemistry with polyclonal 
antisera or monoclonal antibodies. This approach is of particular 
importance when evaluating tissues for the presence of 
neuroendocrine cells when the specific hormonal product is 
unknown. 


Cytosolic Constituents 


A variety of different enzymes can be demonstrated by 
immunohistochemistry in neuroendocrine cells. Although some of 
the enzymes are present in most neuroendocrine cells, others have 
a more restricted distribution. Neuron-specific enolase has been 
considered as a generic marker both for neurons and 
neuroendocrine cells (55 ). The enolases are products of three 
independent gene loci, which have been designated i+, [2, and [3 
(56,57,58 ). Nonneuronal enolase ({+i+) is present in fetal 


tissues, glial cells, and many nonendocrine tissues. Beta (Î2Î2)- 
enolase is present in muscle tissue, whereas hybrid enolases 
(i+i3, Î+Î2) have been identified in megakaryocytes and a variety 
of other cell types. Neuron-specific enolase (i313) replaces 
nonneuronal enolase during the migration and differentiation of 
neurons, and it has been suggested that the appearance of 
neuron-specific enolase reflects the formation of synapses and the 
acquisition of electrical excitability. Although the sensitivity of 
neuron-specific enolase for the detection of neuroendocrine cells is 
high, its specificity is low. 


Seshi et al. have demonstrated a high degree of specificity with 
monoclonal antibodies to neuron-specific enolase (59 ). Some of 
the monoclonal antibodies react predominantly with nerve fibers, 
whereas others react with the perikaryon exclusively or with the 
perikaryon and associated nerve fibers. In contrast to the 
polyclonal antisera that stain a variety of nonneuronal structures, 
the monoclonal antibodies stain neuronal cells in a more selective 
fashion. Some monoclonal antibodies also react with normal 
adrenal medullary cells and with subsets of pancreatic islet cells. 


The protein gene product 9.5 (PGP 9.5) is a soluble protein with a 
molecular weight of 27,000 Daltons (60 ). PGP 9.5 is a ubiquitin 
carboxyterminal hydrolase that plays a role in the catalytic 
degradation of abnormal denatured proteins (61 ). 
Immunohistochemical studies have demonstrated that it is present 
in neurons and nerve fibers at all levels of the central and 
peripheral nervous system. It is also present in a variety of 
neuroendocrine cells, except for those in the normal 
gastrointestinal tract (60 ). The patterns of staining for PGP 9.5 
and neuron specific enolases are generally similar in that positive 
cells show diffuse cytoplasmic reactivity that is unrelated to the 
type of hormone produced or to the degree of cellular 
differentiation. Additional enzymes that have a dominant 
cytolosolic distribution include histaminase (62 ) and some of the 
enzymes involved in catecholamine biosynthesis (54 ). 


Secretory Granule Constituents 


The chromogranins/secretogranins (Cg/Sg) represent a widely 
distributed family of soluble proteins that represent the 
predominant constituent by weight of neurosecretory granules 
(Table 47.1 and Figure 47.11 ) (63 ,64 ,65 ). Three major 
chromogranin proteins have been identified and categorized and 
have been designated chromogranin A, chromogranin B, and 
secretogranin IIl. Additional members of the granin family include 
secretogranins IIl, IV, and V. The chromogranins are calcium 
binding proteins that play important roles in the packaging and/or 
processing of regulatory peptides. These proteins contain multiple 
dibasic residues that are sites for endogenous proteolytic 
processing to smaller peptides (66 ,67 ). For example, 
chromogranin A contains 439 amino acids that represent potential 
cleavage sites by proteases such as the hormone _ proconvertases. 
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Resultant peptides include chromostatin, pancreastatin, parastatin, 
and vasostatin. Functional roles for these smaller peptides include 
intracellular binding functions, inhibitory effects on the secretion 
of other hormones and _ antibacterial/antifungal effects. Both 
pancreastatin and chromostatin are present in most 
neuroendocrine cells, adrenal medulla and anterior pituitary (68 
,69 ), while derivatives of chromogranin B (GAWK protein) have 
been localized to neuroendocrine cells in the pituitary, 
gastrointestinal tract, pancreas, and adrenal medulla (70 ). 


Figure 47.11 Colonic mucosa stained with a monoclonal antibody 
to chromogranin A (LK2H10) via the avidin-biotin- peroxidase 
technique using diaminobenzidine as the chromogen and methyl 
green as the counterstain. This cross section is at the level of the 
lower third of the mucosa and shows many opened and closed 
neuroendocrine cells. 
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The Cg/Sg are widely distributed throughout the entire system of 
neuroendocrine cells and have distinctive patterns of tissue and 
cellular distribution (71 ). Although many neuroendocrine cells 
contain CgA, CgB, and Sgll, others contain only one or two of 
these proteins. For example, thyroid C cells contain CgA and Sgll 
but lack CgB. Parathyroid chief cells, on the other hand, are 
positive for CgA but lack Sgll. The distribution of this family of 
proteins is reviewed in detail by Huttner et al. (71 ). The 
chromogranins are cosecreted with other granule contents, but 
their replenishment is differentially regulated. 


A variety of endopeptidases and carboxypeptidases are required 
for the formation of biologically active peptides from precursor 
molecules and are present in the trans-Golgi region and secretory 
granules of neuroendocrine cells. They include the prohormone 
convertases, PC1/PC3 and PC2, and carboxypeptidases H & E (72 
,73 ). The proconvertases are widely distributed in neuroendocrine 
cells while other types of endocrine cells (thyroid follicular cells, 
parathyroid chief cells, adrenal cortical cells, and testis) are 
negative. Neuroendocrine cells with a neural phenotype (adrenal 
medullary cells) contain a predominance of PC2 while epithelial 
neuroendocrine cells contain a predominance of PC1/PC3. With the 
exception of parathyroid cells, the presence of PC2 and PC3 
correlates with the presence of chromogranin and secretogranins. 
PC2 and PC1/PC3 are present in normal pituitaries and adenomas, 
with ACTH producing adenomas containing a predominance of 
PC1/PC3 and other adenomas expressing a predominance of PC2. 


Peptidylglycine {i+-amidating monooxygenase (PAM), peptidyl- 
glycine {+-hydroxylating monooxygenase (PHM), and 
peptidylamidaglycolate lyase (PAL) are present in neuroendocrine 
secretory granules (74 ,75 ). These enzymes are responsible for 
the [+ amidation of the C-terminal regions of peptide hormones, a 
function which is critical for the biological function of peptides. 
These enzymes are not restricted in their distribution to 
neuroendocrine cells. For example, they have also been found in 
the lung in cells of the airway epithelium and glands, vascular 
endothelium, some chondrocytes of bronchial cartilage, alveolar 
macrophages, and smooth muscle cells. 


Cytochrome b561 (Chromomembrin B), a neurosecretory granule 
membrane constituent, is responsible for the transport of electrons 
into the secretory granule matrix in order to maintain a supply of 
reduced ascorbic acid, which serves as an electron donor for 
dopamine {2-hydroxylase and for amidases that modify C-terminal 
portions of certain neuropeptides (76 ). Antibodies to cytochrome 


b561 may be useful for the identification of neuroendocrine cells 
that are engaged in specific functions related to catecholamine 
synthesis or peptide amidation (77 ). 


Synaptic Vesicle and Docking 
Constituents 


Synaptophysin (molecular weight 38,000) was one of the earliest 
markers developed to visualize small synaptic vesicle analogs in 
neurons and neuroendocrine cells (78 ,79 ,80 ). This protein is 
widely distributed in nerve terminals in the central and peripheral 
nervous system and is also present in neuroendocrine cells that 
are specialized for the regulated secretion of peptide hormones. 
Synaptophysin is the most abundant integral membrane protein of 
neuronal vesicles. It is localized in a punctate pattern in synaptic 
regions of neurons and has a diffuse cytoplasmic distribution in 
neuroendocrine cells. Ultrastructurally, synaptophysin is present 
predominantly in smooth-surface synaptic-type vesicles. Although 
synaptophysin was originally thought to 
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be specific for neuroendocrine cells, it is also expressed in other 
cell types, including the adrenal cortex (81 ,82 ). 


Synaptic vesicle protein 2, (SV2), an integral membrane protein, is 
present in the central and peripheral nervous system and in a wide 
variety of neuroendocrine cell types (83 ). This glycoprotein occurs 
in 3 well-characterized isoforms, which have been designated 
SV2A, SV2B and SV2C. Immunoreactivity for SV2 is present in 
neuroendocrine cells in the gastrointestinal tract, pancreas, 
anterior pituitary, thyroid (C cells), parathyroid, and adrenal 
medulla. Chief cells of the gastric oxyntic mucosa are also positive 
for SV2. Interestingly, gastrointestinal stromal tumors have been 
reported to be positive for SV2 (84 ). Comparison of SV2, 
synaptophysin, and chromogranin A immunoreactivities have 
shown more SV2 and synaptophysin than chromogranin A positive 


cells in the gastric antrum and pancreas. More SV2 than 
synaptophysin positive cells were seen in other regions of the 
gastrointestinal tract and other endocrine organs. Generally, more 
chromogranin A than SV2 immunoreactive cells were present in 
the duodenum, colon, and parathyroid. 


The vesicular monoamine transporters (VMAT1 and VMAT2) are 
integral membrane proteins that mediate the transport of amines 
into vesicles of neurons and neuroendocrine cells (85 ,86 ). These 
two isoforms show broad selectivity for different amines and are 
distributed differently in various cell types. VMAT1 is expressed in 
gastrointestinal enterochromaffin (EC) tumors and in the 
corresponding normal EC cells and the small intensely fluorescent 
cells of the sympathetic ganglia. VMAT2, on the other hand, is 
present in histamine producing ECL cells and in central and 
peripheral neurons. VMAT1 and VMAT2 are both expressed by 
adrenal medullary cells. 


The process of regulated secretion in neurons and neuroendocrine 
cells is highly complex (1 ,87 ,88 ). According to the SNARE 
(SNAP-receptor) hypothesis, the selective docking of a transport 
vesicle with the appropriate target membrane occurs via the 
formation of a complex between a vesicle membrane protein (v- 
SNARE) and the corresponding target membrane protein (t-SNARE) 
(89 ). The resulting SNARE complex ultimately leads to membrane 
fusion. Three families of SNARE proteins are currently recognized. 
They include the VAMP (vesicle associated membrane protein)/ 
synaptobrevin family of v-SNAREs and two families of t-SNAREs, 
the syntaxin family and the SNAP-25 family. In the initial phases 
of exocytosis, N-ethylmaleimide-sensitive factor (NSF) and soluble 
NSF attachment protein (i+-SNAP) act on synaptobrevin, syntaxin, 
and SNAP-25. This leads to dissociation of the SNARE complexes, 
activation of the SNARE proteins and removal of the negative 
regulators of exocytosis. Subsequently, the vesicle protein Rab3 
promotes reversible vesicle attachment (tethering) to the 
presynaptic membrane. Tethering permits the formation of the 


SNARE complex, which consists of synaptobrevin, syntaxin, and 
SNAP-25. This series of events brings the vesicle into a docked 
position, immediately adjacent to the plasma membrane and 
calcium channels. Docking is an irreversible step in which there is 
some degree of membrane fusion. At some time during docking, 
synaptotagmin is recruited to the SNARE complex (89 ). 


Many of the proteins involved in the process of regulated secretion 
can be visualized in immunohistochemical formats and have been 
utilized as neuroendocrine cell markers. While some of these 
proteins are localized within the plasma membranes [SNAP-25 
(synaptosomal protein of 25kDa) and syntaxin], others 
(synaptobrevin, synaptophysin, Rab3a, and synaptotagmin) are 
present in the synaptic vesicle membranes. The soluble proteins 
involved in this process include N-ethylmaleimide-sensitive fusion 
protein (NSF) and soluble NSF attachment proteins (SNAPs). 


The vesicle associated membrane proteins (VAMP) play important 
roles in docking and/or fusion of secretory vesicles with their 
target membranes. VAMP, which is also known as synaptobrevin, 
occurs in 3 isoforms, which are designated VAMP-1, VAMP-2, and 
VAMP-3 (cellubrevin). VAMP-2 and VAMP-3 are expressed in 
pancreatic islets (90 ) and are involved in calcium mediated insulin 
secretion. VAMP-1 is present primarily in pancreatic acinar cells 
(91). 


The synaptotagmins (p65) include a large family of calcium binding 
proteins that are constituents of the membranes of synaptic 
vesicles. In the normal pancreatic islets, synaptotagmins are 
colocalized with insulin in {2 cells and are involved with calcium 
induced insulin secretion (92 ). 


Rab proteins are low-molecular-weight GTP binding proteins. The 
Rab3 isoforms are involved in the exocytosis of synaptic vesicles 
and secretory granules in the CNS and anterior pituitary. In 
normal human pituitary, Rab3 isoforms are present primarily 
within the cytoplasm of growth hormone producing cells with rare 


expression in other cell types. Among pituitary adenomas, Rab3 is 
most commonly expressed in growth hormone producing adenomas 
but also occurs in adenomas of other types (93 ). 


SNAP-25 has been studied most extensively in the pituitary gland. 
This protein is localized predominantly to the plasma membranes 
of both normal and neoplastic adenohypophyseal cells (94 ,95 ). 
Similar patterns of localization have been documented in the 
adrenal and pancreatic islets (96 ,97 ). 


The presence of certain lymphoreticular antigens in some 
neuroendocrine cells Suggests that these proteins may serve 
similar functions in endocrine and lymphoid tissues (98 ,99 ,100 ). 
These functions potentially include some aspects of cell-to-cell 
recognition and release of secretory products (e.g., hormones and 
lymphokines) in response to common microenvironmental signals 
(98 ). CD57 (leu 7;HNK-1) recognizes epitopes in natural killer 
lymphocytes, myelin-associated glycoprotein (MAG), neuronal cell 
adhesion molecules, and a granule matrix constituent of 
chromaffin cells (99 ,100 ). The largest of the MAGs (MAG-72) is 
related 
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to the immunoglobulin supergene family proteins as well as neural 
adhesion molecules. CD57 also reacts with a subset of 
neuroendocrine cells in the anterior pituitary, pancreatic islets, 
and gastrointestinal tract (100 ). In addition, CD57 
immunoreactivity has been identified in Schwann cells and other 
nerve-supporting elements. S-100 protein, which was originally 
isolated from the brain, is present in cells that serve as a 
supporting structure in many neuroendocrine tissues, such as the 
adrenal medulla, paraganglia, and anterior pituitary (101 ). 


The neural cell adhesion molecules (NCAMs) represent a family of 
glycoproteins that play key roles in cell binding, migration, 
differentiation, and proliferation (101 ,102 ). The NCAM family 
includes several major peptides that are generated by alternative 


Splicing of RNA from a gene that is a member of the 
immunoglobulin supergene family. The peptide sequences that are 
external to the plasma membrane contain five regions that are 
similar to those present in immunoglobulins. The molecules are 
modified posttranslationally by phosphorylation, sulphation, and 
glycosylation. The homophilic-binding properties of NCAMs are 
modulated by differential expression of homopolymers of Î+2, 8- 
linked N-acetylneuraminic acid (polysialic acid). 


CD57 recognizes a 140kDa isoform of NCAM which is expressed on 
resting and activated NK cells and a subset of CD3+ cells. 
Although initial studies had suggested that NCAM was restricted in 
its distribution to the brain, more recent studies indicate that it is 
also present in a variety of neuroendocrine cells, including the 
islets of Langerhans, adenohypophysis, and adrenal medulla, as 
well as in a variety of nonneuroendocrine cells (103 ). Komminoth 
et al. have used a monoclonal antibody reactive with a long chain 
from of [+-2, 8-linked polysialic acid that is present on NCAMs 
(104 ). They reported positive staining in cases of familial 
medullary thyroid carcinoma, both in the neoplastic cells and in 
hyperplastic C cells adjacent to the tumorous foci. Cases of 
primary C-cell hyperplasia unassociated with medullary thyroid 
carcinoma were also positively stained, whereas most normal C 
cells and C cells in secondary hyperplasia were nonreactive. These 
findings indicate that determinations of NCAMs may be helpful in 
distinguishing reactive proliferations of neuroendocrine cells from 
neoplastic and preneoplastic proliferations of these cells. 


Transcription Factors 


Transcription factors are proteins that bind to regulatory elements 
in the promotor and enhancer regions of DNA and regulate gene 

expression and protein synthesis. They may be cell/tissue specific 
or may be present in a variety of different tissue types. CDX2 is a 
transcription factor that has been used extensively as a marker of 


intestinal adenocarcinoma. In addition to its presence in normal 
enterocytes, CDX2 is present in all Serotonin-producing EC cells, 
10% of gastrin-producing G cells, 30% of gastric inhibitory peptide 
cells, and in a small proportion of motilin-producing cells while 
other gastrointestinal endocrine cells are negative (105 ). Thyroid 
transcription factor-1 (TTF-1) is present both in thyroid (follicular 
cells and C cells) and in the lung (type II epithelial cells, subsets 
of respiratory nonciliated bronchiolar epithelial cells and 
pulmonary neuroendocrine cells) (106 ). The adrenal 4 
site/steroidogenic factor (ad4BP/SF-1) is present in steroid- 
producing cells and in certain anterior pituitary cell types while the 
pituitary transcription factor, Pit-1, is present in certain cells of 
the adenohypophysis and the placenta (107 ). 


Somatostatin Receptors 


Somatostatin interacts with specific receptors (sstla€“sst5) 
expressed on target cells (108 ). These receptors have attracted 
considerable attention because of novel clinical applications 
related to their overexpression in certain tumors, including those 
of the neuroendocrine system. Because of the metabolic instability 
of natural somatostatin, a number of synthetic analogs (e.g., 
octreotide) have been developed. Radionuclide conjugates of these 
analogs have been used successfully for imaging and treatment of 
tumors. The ability of tumors to express these receptors can be 
assessed with antibodies to the specific receptors, particularly the 
sst-2 receptor. Positive staining of normal gastrin-producing cells 
for sst-2A has been documented in gastric antrum, duodenum, 
jejunum, and ileum (109 ). In addition, occasional sst-2A positive 
cells have been recognized in the basal cell component of bronchi. 


Function of Neuroendocrine’ Cells 


The function of neuroendocrine cells has been established by the 
use of immunohistochemical techniques for the localization of 


specific hormones and other substances. In many instances, the 
use of region-specific antisera permits the localization of hormone 
precursors as well as mature hormones. Proinsulin 
immunoreactivity in the {2 cells of normal pancreatic islets is 
present in a crescent-shaped perinuclear area that corresponds to 
the Golgi zone (110 ). Insulin, on the other hand, is present 
throughout the cytoplasm with a variably stained perinuclear 
region. 


Although initial studies suggested that single neuroendocrine cells 
were responsible for the production of a unique hormone (one-cell, 
one-hormone hypothesis), more recent studies indicate that these 
cells are multimessenger systems (111 ). The peptide hormones 
are synthesized within the granular endoplasmic reticulum and are 
packaged into secretory granules by way of the Golgi region. 
Multiple different peptide products may be synthesized via this 
route in single neuroendocrine cells. Other nonpeptide 
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hormone constituents such as catecholamines are synthesized 
within the cytosol and are then taken up into secretory granules 
(25 ). Any individual neuroendocrine cell can, therefore, vary the 
secretion of its products in response to different signals in normal 
and pathologic states. 


Immunohistochemical and molecular biologic studies have led to 
many interesting insights into the functional interrelationships of 
the various components of the neuroendocrine system. For 
example, peptide hormones first isolated from the 
gastroenteropancreatic axis have been found subsequently in 
neurons of the central and peripheral nervous systems, where they 
may function as neurotransmitters or neuromodulators (10 ). 
Other peptides initially isolated from the brain have been localized 
to the endocrine cells of the gut, pancreas, and lung, where they 
may have a paracrine function (112 ). Furthermore, such studies 
have shown that the microarchitecture of endocrine organs, which 
may appear homogeneous in hematoxylin and eosina€“stained 


sections, is often organized in a manner that permits paracrine 
interactions. The somatostatin cells of the pancreatic islets, for 
example, are located between the insulin and glucagon cells and 
typically extend short branching processes, which are in apposition 
to both cell types. Regulation of the secretion of insulin and 
glucagon may therefore be mediated by the local paracrine effects 
of somatostatin and by the endocrine effects of somatostatin 
reaching the islets by the circulation (113 ,114 ). 


Neuroendocrine cells in different tissues may produce identical 
peptides. Somatostatin, for example, is present in certain 
hypothalamic neurons, pancreatic D cells, gastrointestinal D cells, 
bronchopulmonary endocrine cells, thymic endocrine cells, and a 
subset of thyroid C cells, where it is colocalized with calcitonin 
(113 ,114 ,115 ). Calcitonin is present in thyroid C cells, 
bronchopulmonary and thymic endocrine cells, and certain 
urogenital endocrine cells. Gastrin-releasing peptide, a 
27a€“amino acid peptide that is the mammalian homolog of 
bombesin, is present in thyroid C cells, small intensely fluorescent 
cells of sympathetic ganglia, neuronal cells of the gastrointestinal 
myenteric plexus, and bronchopulmonary endocrine cells (116 
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Neuroendocrine cells may produce multiple distinct peptides from 
a common precursor molecule. For example, adrenocorticotropin 
(ACTH) is synthesized from the large precursor molecule pro- 
opiomelanocortin (POMC) (118 ). In the adenohypophysis, POMC is 
processed to yield ACTH, /2-lipotropin, and a 16KD N-terminal 
fragment. In the intermediate lobe, ACTH and [?-lipotropin are 
processed to yield {+-MSH and {2-endorphina€“related peptides, 
respectively. Hormonal diversity in neuroendocrine cells also may 
result from alternate splicing pathways that produce different 
messenger RNAs from a single gene. Both calcitonin and the 
calcitonin genea€“related peptide (CGRP) are produced from a 
primary RNA transcript that is spliced to produce two different 
forms of mature messenger RNA (119 ). More than one gene may 


also encode closely related peptides. In anglerfish islets, for 
example, recombinant DNA techniques have shown two different 
messages for somatostatin, one of which encodes somatostatin | 
while the other encodes somatostatin II (120 ). 


Distribution of Neuroendocrine’ Cells 


The histology of the adenohypophysis, parathyroid glands, intra- 
and extra-adrenal paraganglia, and pancreatic islets is discussed 
in separate chapters in this volume. The remaining sections of this 
chapter review the distribution of neuroendocrine cells in other 
tissues and organs. 


Bronchopulmonary and Upper 
Respiratory System 


The neuroendocrine components of the lung occur singly as 
solitary neuroendocrine cells and in small aggregates that have 
been designated neuroepithelial bodies (NEBs) (121 ) (Figure 
47.12 ). Solitary neuroepithelial cells may be of the opened or 
closed type. NEBs are composed of 

P.1202 
clusters of clear to faintly eosinophilic cells that extend from the 
bronchial basement membrane to the lumen. NEBs are extensively 
innervated. Although the functions of the two neuroendocrine 
components are not known with certainty, NEBs most likely act as 
intrapulmonary chemoreceptors. Solitary neuroendocrine cells 
most likely subserve a paracrine function. 


Figure 47.12 Fetal lung stained with a monoclonal antibody to 
chromogranin A (LK2H10) via the avidin-biotin- peroxidase 
technique using diaminobenzidine as the chromogen and 
hematoxylin as the counterstain. A cluster of chromogranin- 
positive cells (arrow ) is present just beneath the bronchial 
epithelium. 


The secretory granules of neuroendocrine cells in the lung show 
considerable variation in size and density (122 ,123 ). On the 
basis of granule size, the bronchopulmonary neuroendocrine cells 
have been divided into three types. The P1 cells have granules 
that measure 40 to 50 nm in diameter. These cells have been 
noted in fetal lung. The P2 cells have granules that measure 120 
to 130 nm in diameter, whereas the P3 granules measure 180 to 
200 nm. The granules of Pa cells, which are found in the adult 
lung, measure 100 to 120 nm in diameter. Both NEBs and solitary 
neuroendocrine cells contain serotonin, bombesin/gastrin-releasing 


peptide (GRP), and calcitonin, whereas the solitary neuroendocrine 
cells also contain leu-enkephalin (117 ,121 ) (Figure 47.13 ). 
Severely hyperplastic and dysplastic cells of the NEBs also may 
produce adrenocorticotropin, vasoactive intestinal peptide, and 
somatostatin (121 ). The NEBs are particularly conspicuous in fetal 
lung tissue but are sparse in the adult (117 ). The neuroendocrine 
components of the lung are also prominent in hypoxic conditions, 
including high-altitude conditions and chronic pulmonary diseases 
such as bronchiectasis. 
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Figure 47.13 Adult lung stained for gastrin-releasing peptide 
(GRP)/bombesin with an antibody to GRP with the indirect 
peroxidase-labeled method. Diaminobenzidine was the chromogen 
with methyl green counterstain. Two GRP-positive cells (arrows ) 
are present within the bronchial epithelium. (Courtesy of Dr. Y. 
Tsutsumi, Tokai University School of Medicine, Japan.) 


Both in situ hybridization and immunohistochemical studies have 
Shown GRP and its corresponding messenger RNA (mRNA) as early 
as 8 weeks of gestation in solitary neuroendocrine cells and NEBs, 
primarily at branch points of bronchioles. The number of cells 
reach a peak by 16 to 30 weeks of gestation and decline at about 
6 months of age. These findings suggest that GRP may be involved 
in the growth and development of normal lung. Increased numbers 
of GRP-containing cells have been found in infants with 
bronchopulmonary dysplasia and in children with cystic fibrosis or 
prolonged assisted ventilation (117 ). 


Neuroendocrine cells, as defined by their argentaffinity or 
argyrophilia, are rare in the larynx. Pesce et al. were able to 
identify scattered argyrophil cells in only two of 43 specimens of 
larynx within the respiratory epithelium (124 ). The studies of 
Torre-Rendon et al. demonstrated occasional argyrophil cells both 
within the laryngeal squamous and respiratory epithelium (125 ). 
Argyrophil cells are also present within adjacent minor salivary 
glands and the epithelium of the middle ear. 


Thyroid and Thymus 


In both adult and neonatal thyroid glands, the calcitonin- 
containing C cells are concentrated in a zone corresponding to the 
upper to middle thirds of the lobes along a hypothetical central 
axis (126 ). The extreme upper and lower poles, as well as the 
isthmus, are devoid of C cells. The C cells occupy an exclusively 
intrafollicular position (Figures 47.9 , 47.14 , and47.15 ). In 
neonates, the C cells are prominent and measure up to 40 Aum in 
diameter. Occasional cells may show branching processes that are 
closely applied to the follicular basement membrane and the 
plasma membranes of adjacent follicular cells. Groups of up to six 
C cells may be present in the thyroids of neonates with up to 100 
C cells per single low-power microscopic field. C cells are less 
numerous in adults than in neonates and appear flattened or 


spindle shaped. Typically, adult thyroid glands contain fewer than 
50 C cells per single low-power field, although occasional normal 

adult glands may have a higher density of C cells. Rarely, nodules 
of C cells may be found in normal adult glands, as discussed in the 
section on aging. 


Two types of secretory granule have been observed in normal as 
well as hyperplastic C cells (127 ). Type | granules have an 
average diameter of 280 nm, with moderately dense, finely 
granular contents that are closely applied to the limiting 
membranes of the granules. The type II granules, on the other 
hand, have an average diameter of 130 nm with electron-dense 
contents that are separated from the limiting membranes of the 
granules by a small but distinct electron-lucent space. 
Immunoelectron microscopic 
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studies have shown that both granule types contain 
immunoreactive calcitonin. Some of the C cells, both in normal 
adult and in neonatal glands, also contain somatostatin or 
bombesin/GRP (117 ,127 ,128 ). Approximately 70% of fetal and 
neonatal C cells contain GRP peptide and mRNA, whereas less than 
20% of adult C cells are positive for GRP (46 ). It has been 
Suggested that GRP may play a role as a thyroid growth factor 
analogous to its presumed role in the developing lung (117 ). 


Figure 47.14 Adult thyroid stained with a monoclonal antibody to 
chromogranin A (LK2H10) via the avidin-biotin- peroxidase 
technique using diaminobenzidine as the chromogen and 
hematoxylin as the counterstain. Groups of two to three C cells 
are present (arrows ). 


Although neuroendocrine cells are found commonly in the thymus 
glands of many animal species, these cells are sparse in human 
thymic tissue. In human glands, the neuroendocrine cells may be 
found within the perivascular connective tissue and in association 
with Hassall's corpuscles (129 ). 


Skin 
The Merkel cells represent the neuroendocrine components of the 


Skin (Figure 47.9 ). These cells occur singly and in small clusters 
throughout the epidermis. Merkel cell clusters are particularly 


prominent in foci of specialized epithelial differentiation, such as 
the touch domes (130 ). The cells have elongate processes that 
surround neighboring keratinocytes. The Merkel cells are 
characteristically innervated by long type | myelinated fibers. 
Secretory granules are abundant and range from 80 to 130 nm in 
diameter. The granules are particularly prominent in cytoplasmic 
processes. Aggregates of intermediate filament proteins are 
predominantly of the cytokeratin type. There is considerable 
Species variation in the content and type of peptide hormone in 
these cells. The most frequently encountered hormones are met- 
enkephalin, vasoactive intestinal peptide, and bombesin/GRP (130 
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Breast 


Although clear cells have been noted in the breast by many 
observers, the question of whether these cells are neuroendocrine 
in type has engendered considerable controversy. Bussolati et al. 
have reported the presence of chromogranin-positive cells in a 
small number of normal breast samples (131 ). The cells were 
present singly or in small clusters in ductules, intralobular ducts of 
interlobular ducts, and between myoepithelial and epithelial cells. 
Occasional cell processes extended to the lumen in a manner 
typical of opened-type neuroendocrine cells. In parallel sections, 
the chromogranin-positive cells exhibited weak argyrophilia but 
were negative for a variety of peptide hormones. Chromogranin- 
positive cells were not identified in cases of fibrocystic disease or 
in papillomas. 


Figure 47.15 Adult thyroid stained for calcitonin via the 
peroxidasea€“antiperoxidase technique using diaminobenzidine as 
the chromogen and hematoxylin as the counterstain. C cells 
(arrows ) are present within the follicle as closed-type endocrine 
cells. 
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Gastrointestinal System 


The gastrointestinal tract, from the esophagus to the anal canal, is 
extensively populated by a heterogeneous collection of peptide- 
and amine-producing neurons and neuroendocrine cells (38 ,39 ,40 
). The gut neuroendocrine cells are responsible for the production 
of more than 20 different hormones (Figures 47.6 ,47.7 ,47.8, 
47.11 , 47.16 , and 47.17 ). Cells of similar morphology and 
function are also present within the intraextrahepatic bile ducts 


and the pancreatic ductal system (Figures 47.18 and 47.19 ). The 
major products of the gut endocrine cells, together with their 
morphologic characteristics and distributional patterns, are 
Summarized in Figure 47.16 and in Table 47.2. 


In addition to their presence in mucosal and submucosal endocrine 
cells, peptide hormones also have been identified within 
submucosal glands. Brunner's glands, for example, contain 
neuroendocrine cells storing somatostatin, gastrin-cholecystokinin, 
and peptide YY. Peptidergic nerve structures containing vasoactive 
intestinal peptide, peptide histidine methionine, substance P, 
neuropeptide Y, and gastrin-releasing peptide also have been 
identified around Brunner's glands. All these peptides, with the 
exception of gastrin-releasing peptide, have been found in nerve 
cell bodies of the submucosal ganglia adjacent to the acini of 
Brunner's glands (40 ). These findings suggest that multiple 
peptides may be involved in the control of secretion from these 
glands. 
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Figure 47.16 Distribution of gastrointestinal endocrine cells. The 
width of the horizontal bars indicates the number of cells within 
different portions of the gastrointestinal tract. (Reprinted with 
permission from: 
Dayal Y. Endocrine cells of the gut and their neoplasms. In: Norris 
HT, ed. Pathology of the Colon, Small Intestine and Anus. New 
York: Churchill Livingstone; 1983:267â€“300. 
) 


Figure 47.17 Gastric antrum stained for gastrin using the 

peroxidasea€“antiperoxidase technique with diaminobenzidine as 
the chromogen and hematoxylin as the counterstain. The G cells 
are present primarily within the lower thirds of the gastric glands. 


Urogenital System 


Although argyrophil cells are not present in the adult renal 
parenchyma, rare argyrophilic cells have been reported in the 
renal pelvis. These cells may be particularly prominent in areas of 
glandular metaplasia. Neuroendocrine cells, as defined by their 
argentaffinity or argyrophilia, were first described in the urinary 
bladder by Feyrter (5 ,6 ). Later studies by Fetissof et al. (132 ) 
established that the endocrine cells in the urothelium were 
predominantly of the closed type (Figure 47.20 ). 
I!mmunohistochemical analyses showed that the cells were positive 
for serotonin but did not contain peptide hormones such as ACTH, 
gastrin, glucagon, or somatostatin. 


The neuroendocrine cells of the prostate include both opened and 
closed types with a predominance of the latter forms (133 ,134 
,135 ). As shown in Grimelius-stained preparations, 
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many of these cells have multiple dendritic processes extending 
between adjacent epithelial cells and occasionally abutting on 
other neuroendocrine cells. The neuroendocrine cells are more 
prominent in normal or atrophic prostate than in hyperplastic foci. 
Most of these cells contain serotonin, and some also contain 
somatostatin. Both calcitonin and bombesin/GRP also have been 


observed in the normal prostate, but these hormones are present 
in considerably less than 5% of the neuroendocrine cells. In 
contrast to the anorectal canal, which is also derived from the 
cloaca and contains both pancreatic polypeptide and glucagon 
immunoreactivities, the prostatic neuroendocrine cells are 
negative for these peptides. 


Ultrastructurally, the cells show considerable pleomorphism in 
granule morphology (133 ). The opened cells have basally oriented 
granules, whereas the closed cells have a more uniform 
distribution of granules. Prominent lamellar bodies are noted in 
some cells. 


Neuroendocrine cells of both opened and closed types have been 
demonstrated in the endocervical glandular epithelium and in the 
exocervical squamous epithelium (136 ). In both sites, however, 
the argyrophilic cells are extremely uncommon. However, 
argyrophil cells have not been identified in the normal ovary, 
fallopian tube, or endometrium. 


Figure 47.18 Pancreatic duct stained with a monoclonal antibody 
to chromogranin A (LK2H10) via the avidin-biotin- peroxidase 
technique using diaminobenzidine as the chromogen and 
hematoxylin as the counterstain. Occasional closed-type 
neuroendocrine cells (arrows ) are present within the ductal 
epithelium. 
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Figure 47.19 Terminal ramifications of bile ducts stained with a 
monoclonal antibody to chromogranin A (LK2H10) via the avidin- 
biotin-peroxidase technique using diaminobenzidine as the 
chromogen and hematoxylin as the counterstain. Both open and 
closed neuroendocrine cells (arrows ) are present within the ductal 
epithelium. 
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Figure 47.20 Urinary bladder epithelium stained with a 
monoclonal antibody to chromogranin A (LK2H10) via the avidin- 
biotin-peroxidase technique using diaminobenzidine as the 
chromogen and hematoxylin as the counterstain. 
cells are present within the epithelium. A process of another 
neuroendocrine cell is present at the arrow. 


Aging Changes 


Neuroendocrine 


The endocrine system undoubtedly plays an important role in the 
aging process; however, there have been relatively few systematic 
studies of the effects of aging in neuroendocrine cell populations in 
humans. Sun et al. have demonstrated a significant age-related 
decline in the number and size of growth hormoneâ€“producing 
cells that was most marked in the transition from youth to middle 
age (137 ). Pituitary parenchymal cells also decreased in number, 
but there were no changes in pituitary weight. 
the other hand, did not show age-related changes. 
and relative hyperplasia of thyrotroph cells have been 


demonstrated in pituitaries from older 


Prolactin cells, 
Hypertrophy 


individuals (138 ). 


O'Toole et al. have studied the effects of the aging process on C- 
cell populations in the thyroid gland (139 ). Although C cells 


appeared to be more numerous in thyroid glands of elderly 
individuals, as compared with young and middle-aged individuals, 
the results were not statistically significant because of the large 
standard deviations. However, C cells more often tended to form 
clusters or nodules in thyroids from older individuals (140 ). 


Age-related changes in neuroendocrine populations have been 
characterized in a few other sites, including the prostate. Although 
the numbers of neuroendocrine cells of the periurethral glands and 
prostatic ducts remain relatively constant throughout life, those in 
the peripheral acini are present in highest numbers in the neonatal 
and postpubertal periods (41 ). Cohen et al. have suggested that 
these variations in prostatic neuroendocrine cells may be mediated 
in part by the levels of androgenic hormones (41 ). 
Bronchopulmonary neuroendocrine cells are considerably more 
prominent in neonates than in children or adults. In postnatal 
lungs, there is minimal variation in the numbers of these cells; 
however, neuroendocrine cells are more likely to be arranged in 
clusters in younger subjects than in the elderly (141 ). 


Special Procedures 


In addition to the histochemical and immunohistochemical 
approaches that have been discussed throughout this chapter, 
molecular methodologies including in situ hybridization provide 
important approaches for analyzing the distribution and function of 
neuroendocrine cells (142 ,143 ). In contrast to 
immunohistochemistry, which is dependent on the peptide content 
of endocrine cells, in situ hybridization techniques permit the 
identification of cells on the basis of their content's specific 
mRNAs. For example, endocrine cells that are acutely stimulated 
or are secreting their products constitutively often produce a 
negative immunohistochemical signal for the particular peptide. 
However, studies using nucleic acid probes for the corresponding 
mRNAs often provide an intensely positive signal in the same cells 


(142 ). Extensive posttranslational processing and intracellular 
degradation of peptide products also may lead to positive 
hybridization signals with negative immunohistochemical reactions 
for the corresponding peptides. Additionally, in situ hybridization 
methods are of particular value for demonstrating hormone 
receptor mRNAs in target cells and for distinguishing de novo 
synthesis from uptake of hormonal peptides (142 ,143 ,144 ). The 
combination of in situ hybridization and immunohistochemistry has 
the potential for providing the maximal amount of information on 
the highly dynamic processes of gene transcription and translation 
(142 ,144 ). 


The in situ hybridization method also has been combined with 
polymerase chain reaction (PCR) methods for demonstration of low 
copy number DNAs and RNAs (145 ,146 ). Detection of 

intracellular PCR products may be achieved indirectly by in situ 
hybridization using PCR product-specific probes (indirect in situ 
PCR) or without in situ hybridization through direct incorporation 
of labeled nucleotides into the PCR amplificants (direct in situ 
PCR). Although most protocols are designed for the demonstration 
of DNA, low copy RNA sequences have been demonstrated by the 
addition of a reverse transcriptase (RT) step to generate cDNA 
from RNA templates before in situ PCR. This technique, which has 
been called in situ RT-PCR, may be of particular value when there 
are fewer than 20 copies of MRNA per cell (118 ). This technique 
is of great potential value for the identification of cells with low 
levels of mRNA-encoding hormones, hormone receptors, cytokines, 
growth factors, and growth factor receptors. The technical details 
and potential pitfalls of these methods are discussed in detail in 
several recent publications (145 ,147 ,148 ). 


Artifacts 


Because neuroendocrine cells often have a clear appearance, they 
must be distinguished from a variety of other cell types that also 


may appear clear in hematoxylin and eosina€“stained, formalin- 
fixed, paraffin-embedded sections. Cytoplasmic clearing may result 
from intracellular accumulations of lipids or glycogen; 
alternatively, this change may represent a shrinkage artifact 
analogous to that seen in the lacunar cells of nodular sclerosing 
Hodgkin's disease. For example, clear cells in the intestinal 
epithelium may represent lymphocytes or epithelial cells with 
retraction of the cytoplasm from the nucleus. In general, this type 
of artifact is less pronounced in tissues that have been fixed in 
nonaqueous fixatives. Neuroendocrine cells can be conclusively 
distinguished from other clear cells by the 
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presence of neuroendocrine markers, including chromogranin 
proteins or synaptophysin. 


Numerous artefacts may be associated with the use of 
immunohistochemical procedures for the demonstration of peptide 
hormones and nonhormonal markers. Appropriate positive and 
negative controls therefore must be used in conjunction with these 
procedures, as discussed in standard textbooks of 
immunohistochemistry (149 ). Nonspecific binding of 
immunoglobulins to endocrine secretory granules also may result 
from ionic interactions that may be suppressed to some extent by 
the use of buffers containing high concentrations of salt (150 ), as 
discussed in the chapter on paraganglia. Endogenous biotin-like 
activity may also contribute to nonspecific staining in 
neuroendocrine cells and other cell types, particularly following 
microwave-induced antigen retrieval (151 ,152 ). This problem can 
be circumvented by the use of biotin blocking steps or by the use 
of biotin free detection systems. 


Artifacts also may occur in in situ hybridization procedures. For 
example, Pagani et al. have demonstrated that oligonucleotides 
used in in situ hybridization procedures bind to neuroendocrine 
cells as a result of the presence of endogenous NH2 groups (153 ). 
This type of nonspecific interaction can be blocked effectively by 


treating the sections with acetic anhydride. Controls for standard 
in situ hybridization and PCR-based in situ hybridization are 
discussed in detail in several recent reviews (145 ,146 ,148 ). 


Differential Diagnosis 


The differential diagnosis of various neuroendocrine cell 
populations is discussed in the chapters dealing with the specific 
organ systems in this volume. 


Specimen Handling 


Most histochemical and immunohistochemical procedures for the 
demonstration of hormones and nonhormonal constituents of 
neuroendocrine cells can be performed in formalin-fixed and 
paraffin-embedded tissues. Other fixatives, including carbodiimide, 
acrolein, and diethyl pyrocarbonate, also have been used in place 
of formalin, and these fixatives have been reported to achieve 
optimal fixation of low concentrations of regulatory peptides such 
as those occurring in peptidergic nerve fibers (154 ,155 ,156 ,157 
). 


The tissue preparative techniques for in situ hybridization studies 
are discussed in several review articles (142 ,148 ). In general, 
these methods may be performed on frozen samples that are 
postfixed in paraformaldehyde or in formalin-fixed samples that 
have been embedded in paraffin. 
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48 
Paraganglia 


Arthur S. Tischler 


Introduction 


Paraganglia are anatomically dispersed neuroendocrine organs 
associated with the autonomic nervous system and characterized by 
morphologically and cytochemically similar neurosecretory cells 
derived from the neural crest. For many physiological and 
pathophysiological purposes, they may be considered to comprise 
two groups associated with either sympathetic or parasympathetic 
nerves. Sympathetic paraganglia are distributed along the 
prevertebral and paravertebral sympathetic chains and along 
sympathetic nerve branches that innervate the organs of the pelvis 
and retroperitoneum. The adrenal medulla is the most extensively 
studied and best understood example of the sympathetic paraganglia. 
Parasympathetic paraganglia are predominantly distributed along 
cervical and thoracic branches of the glossopharyngeal and vagus 
nerves. The prototypical parasympathetic paraganglion is the carotid 
body. 


History and Nomenclature 


The history of the paraganglia is among the more interesting and 
controversial in the recent annals of medicine. This material is 


addressed in detail in several excellent reviews (1,2,3,4). The 
concept of a unitary paraganglionic system was first proposed by 
Alfred Kohn at the beginning of the 20th century (5). Several earlier 
investigators had developed histochemical reactions demonstrating 
that the adrenal medulla contained substances chemically different 
from those in the adrenal cortex. The reaction that proved 
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most significant from a historical perspective, development of brown 
coloration in the presence of chromate salts, was apparently first 
discovered by Bertholdus Werner in 1857 (3). Kohn coined the terms 
â€œchromaffin reactiona€* for the color change and â€œchromaffin 
cellsa€* for the reactive cells, which he described in several extra- 
adrenal locations in the retroperitoneum. He further noted that some 
cells in the carotid body exhibited a chromaffin reaction, confirming 
an earlier report by Stilling (3). Kohn believed that the reactive 
carotid body cells were derived from precursors of sympathetic 
ganglia and were innervated by sympathetic axons, and he suggested 
that they were therefore embryologically, histochemically, and 
functionally comparable to retroperitoneal chromaffin cells. He 
proposed a new term to encompass all the tissues composed of cells 
that were analogous to neurons, but not neuronal: â€œSince the 
chromaffin tissue complexes form ganglion-like bodies, since their 
elements are derived from ganglion anlagen, since they are 
connected to the sympathetic nervous system and still are not 
genuine ganglia, | have called them paragangliaa€* (5); translated 
from German by Dr. Miguel Stadecker). 


Obstacles to acceptance of Kohn's concept soon arose from 
DeCastro's finding that the innervation of the carotid body is 
primarily derived from the glossopharyngeal nerve (4), and from 
observations by many investigators that carotid body cells are 
usually nonchromaffin. Consequently, Watzka (4) divided the 
paraganglion system into chromaffin and nonchromaffin paraganglia, 
associated respectively with the sympathetic or parasympathetic 
nervous systems, and paraganglia of mixed type. Discovery of the 


chemoreceptor function of the carotid bodies created further 
difficulties since it implied that the nonchromaffin paraganglia served 
physiologically in a sensory role, in contrast to the endocrine 
function of the adrenal medulla. The suggestion was therefore made 
by Kjaergaard that the parasympathetic paraganglia be referred to 
by the term a€cechemodectona€* (from the Greek dechesthai, to 
receive). This name was never widely accepted, despite the earlier 
application by Mulligan of its counterpart, a€cechemodectoma,a€* to 
paraganglionic tumors (4). 


An additional synonym for the parasympathetic paraganglia is 
a€ceglomusa€* (from the Latin glomus, ball). This term is a vestige 
of a 19th-century hypothesis that the carotid body is of vascular 
origin (4). Although it aptly describes the microscopic Zellballen 
characteristic of paraganglia, it has caused confusion because it is 
also applied to thermoregulatory structures in the skin and other 
locations (e.g., glomera cutanea and the glomus coccygeum) and to 
their corresponding tumors (glomus tumors or glomangiomas). Those 
structures are modified arteriovenous anastomoses unrelated to 
paraganglia developmentally or functionally. 


It is now possible to return to a unitary concept of paraganglia with a 
synthesis of new and old data. Paraganglionic neuroendocrine cells 
are probably all derived from the neural crest (6,7). All produce 
catecholamines or, in some cases, indolamines (6,8) detectable by 
more sensitive methods than the chromaffin reaction, and all express 
multiple additional neuroendocrine markers (9). Recently, 
chemosensory properties previously considered specific to 
parasympathetic paraganglia have been documented in cells derived 
from sympathetic paraganglia as well (10). It is now apparent that 
the same basic type of neuroendocrine cell may be used differently in 
different anatomic locations (9,11,12). The term 

a€ceparagangliona€* connotes a constellation of generic 
characteristics of this type of cell without being dependent on a 
single histochemical reaction. Since paraganglion was intended by 
Kohn to imply analogy, rather than merely proximity, to autonomic 


ganglia, it continues in this context to be both conceptually helpful 
and literally correct. The chromaffin reaction as a basis for 
classification of paraganglia is now obsolete. However, reference to 
the reaction persists for historical reasons. a€oeChromaffin cella€* is 
the name generally accepted for the neuroendocrine cells of the 
normal adrenal medulla and sometimes still applied to their extra- 
adrenal counterparts associated with the sympathetic nervous 
system. Similarly, a€coepheochromocytomaa€* (from the Greek 
phaios, dusky, + chroma, color), the name applied by convention to 
chromaffin cell tumors, refers to the color change imparted by the 
chromaffin reaction. 


Sympathetic Versus Parasympathetic 
Paraganglia: A _ Clinicopathologic 
Perspective 


Sympathetic and parasympathetic paraganglia differ from a 
clinicopathologic standpoint despite their similarities at the cellular 
level. This contrast might result from differences in the type, timing, 
or intensity of physiological signals to which the two classes of 
paraganglia are exposed during development or in adult life. The only 
pathologic changes known to be clinically important in paraganglia 
are hyperplasia and neoplasia. Several generalizations concerning 
these proliferative lesions underscore the differences between 
paraganglia of the sympathetic and parasympathetic classes: when 
multiple lesions occur within families or individuals, they are usually 
confined to one or the other class. Although both sympathetic and 
parasympathetic lesions produce catecholamines, clinical signs of 
excess catecholamine secretion are usually associated with lesions 
that are sympathetic, and lesions that produce significant amounts of 
epinephrine are almost invariably sympathetic. Lesions that occur in 
patients with prolonged hypoxemia or hypercapnia are almost 
invariably parasympathetic. In addition, sympathetic paraganglia give 
rise to tumors of both neuronal lineage (i.e., neuroblastomas, 


ganglioneuroblastomas, and ganglioneuromas) and neuroendocrine 

lineage (pheochromocytomas and _ extra-adrenal paragangliomas), 
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while neoplasms of parasympathetic paraganglia are almost always of 

neuroendocrine lineage. Neuronal tumors are most common in 

children, while neuroendocrine tumors usually occur in adults. 


Despite the differences in the contexts in which they arise, 
sympathetic and parasympathetic paragangliomas strongly resemble 
each other microscopically and are often indistinguishable. They also 
exhibit a widely overlapping range of secretory products and other 
neuroendocrine markers, reflecting the similarities of the 
neuroendocrine cells that are their normal counterparts. A 
morphologic foundation for the study of paraganglionic pathology 
therefore requires familiarity with both systemic differences and 
cellular similarities. 


A need for deeper understanding of the differences and similarities 
between paraganglia in different locations has become apparent as a 
result of recent advances in characterizing the genetic abnormalities 
and gene expression profiles of pheochromocytomas and extra- 
adrenal paragangliomas. Hereditary syndromes now known to be 
associated with development of pheochromocytomas are Multiple 
Endocrine Neoplasia (MEN) 2A and 2B, von Hippel-Lindau disease, 
neurofibromatosis type 1 and familial 
paraganglioma/pheochromocytoma syndromes, due respectively to 
mutations of the RET  protooncogene, VHL and NF1 tumor suppressor 
genes, and SDHD, SDHB, and SDHC succinate dehydrogenase genes 
(13,14). Extra-adrenal paragangliomas are rare in MEN2 and 
neurofibromatosis, and those that occasionally do occur often arise in 
the vicinity of the adrenal. In contrast, VHL tumors, while 
predominantly intra-adrenal, are not uncommon in extra-adrenal 
locations and tumors associated with succinate dehydrogenase 
mutations are predominantly extra-adrenal (13). The combination of 
sympathetic and parasympathetic paragangliomas may be 
particularly suggestive of succinate dehydrogenase mutations (13). 


Microarray-based gene expression profiling studies complemented by 
immunohistochemical and/or biochemical analyses have revealed sets 
of markers that tend to be clustered in tumors with specific genetic 
backgrounds. For example, genes associated with hypoxia-driven 
transcription pathways are preferentially expressed in VHL tumors 
(15). An additional distinctive characteristic of VHL tumors is that 
they usually produce exclusively norepinephrine, while MEN2 and NF1 
tumors produce both epinephrine and norepinephrine (16). Some 
genotypea€“phenotype correlations may be accounted for by 
characteristics of the predominant anatomic sites of tumor origin; for 
example, the fact that epinephrine production is normally confined to 
the adrenal medulla. However, the basis for different gene 
expression clusters in tumors at any given location is for the most 
part poorly understood. One possibility is that subtle types of cellular 
heterogeneity within normal paraganglia might allow for different 
cells of origin predisposed to respond to distinct genetic 
abnormalities. Alternatively, distinct genetic abnormalities initiating 
tumors in a single cell type could produce distinct signatures. 


Distribution of Paraganglia 


Sympathetic paraganglia are found predominantly in the para-axial 
regions of the trunk along the prevertebral and paravertebral 
sympathetic chains and in connective tissue in or near the walls of 
the pelvic organs. In adult humans, they are especially numerous 
along the fibers of the inferior hypogastric plexuses leading to and 
entering the urogenital organs, in the wall of the urinary bladder, 
and among the nerve fibers of the sacral plexus (17,18,19,20) 
(Figure 48.1). They are not generally known by individual names, 
and their precise locations are variable. Exceptions are the adrenal 
medulla and the organ of Zuckerkandl, located at the origin of the 
inferior mesenteric artery (21) (Figures 48.1 and 48.2). 
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The distinctive characteristic of the organ of Zuckerkandl is that it is 
the only extra-adrenal sympathetic paraganglion that is macroscopic. 


Historically, it is said to have been shown initially to Alfred Kohn as 
an unusual lymph node by his pupil, Emil Zuckerkandl (4,22). In its 
most frequent anatomic configuration, it is divided into a set of 
paired organs (Figure 48.2), and it is therefore often referred to by 
the plural, a€oeorgans of Zuckerkandla€* (1). Because its 
fragmentation and its proximity to numerous smaller paraganglia 
may make it difficult to identify precisely, some investigators have 
used the plural to encompass all preaortic paraganglia between the 
inferior mesenteric artery and the aortic bifurcation (23). However, 
this chapter maintains the traditional, more specific, macroscopic 
usage. 


Superior Cervical Ganglion 


Sympathetic trunk 


Adrenal medulla 


Organ(s) of Zuckerkandl 


Bladder 


Figure 48.1 The distribution of sympathetic paraganglia in the 
human fetus. (Adapted with permission from: 

Coupland RE. The Natural History of the Chromaffin Cell. London: 
Longmans Green; 1965 

Glenner GG, Grimley PM. Tumors of the extraadrenal 
paraganglion system (including chemoreceptors). In: Atlas of 
Tumor Pathology. 2nd series, fascicle 9. Washington, DC: Armed 
Forces Institute of Pathology; 1974. 

) 


Figure 48.2 Modified renditions of original illustrations by 
Zuckerkandl (21) representing the anatomic structure that bears 
his name. The bilobed configuration with a fragmented isthmus 
(right) is the most frequent variation. (Courtesy of Dr. E. E. 
Lack.) 


Neuroendocrine cells are present both within and adjacent to the 
ganglia of human sympathetic chains. The former have been referred 
to in neurobiology literature as small intensely fluorescent (SIF) cells 
(24), intraganglionic chromaffin cells (25), or small granule- 
containing (SGC) cells (11,12), depending on the particular technique 
used to detect them. In pathology literature especially, SIF cells are 
often regarded as intraganglionic paraganglia (26). In anatomy 
literature, on the other hand, some investigators reserve the term 
a€ceparagangliaa€* for extraganglionic sites (24). 


In contrast to sympathetic paraganglia, their parasympathetic 
counterparts are distributed almost exclusively along the cranial and 
thoracic branches of the glossopharyngeal and vagus nerves (Figure 
48.3). With the exception of the carotid bodies, which are located 
between the carotid arteries just above the carotid bifurcation 
(Figure 48.4), parasympathetic paraganglia are highly variable in 
both number and location (4). Their names refer to general locations, 
rather than to specific structures. The middle ear, for example, 
contains O to 12 jugular and tympanic paraganglia, with an average 
of 2.8 (27). The principal paraganglia of the glossopharyngeal nerve 
are the tympanic paraganglia in the wall of the middle ear and the 
carotid bodies (4,27). Those of the vagus nerve include the jugular 
paraganglia in the floor of the middle ear (4,27), the superior and 
inferior laryngeal paraganglia (4,27,28), and the subclavian and 
aorticopulmonary or cardioaortic paraganglia near the bases of the 
great vessels of the heart. They sometimes also may be found in the 
interatrial septum (4). In addition, a€ceintravagala€* paraganglia 
are located within or adjacent to the vagal trunk in or near the 
nodose and jugular ganglia (4). These two vagal ganglia are thus the 
only sensory ganglia known to contain neuroendocrine cells 
comparable to the SIF cells of sympathetic ganglia. These cells have 
been described as SIF cells in some publications (29). 


Some investigators have classified the parasympathetic paraganglia 
as a€cebranchiomerica€* (26). This nomenclature is based on the 
suggestion that the branchial arches during embryogenesis are 
metameric, or serially homologous, structures, each with its own 
artery, cranial nerve branches, and associated paraganglia. The 
carotid body would accordingly develop in association with the 
glossopharyngeal nerve and the third branchial arch artery, which 
persists as the internal carotid. Subclavian paraganglia would 
develop with the vagus nerve and the fourth branchial arch artery, 
and so on. The evolution of this concept is reviewed elsewhere in 
detail (4). However, the concept does not contribute to the 
understanding the pathophysiology of paraganglia and may cause 


confusion by distracting attention from the important differences 
between parasympathetic 
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and sympathetic paraganglia, which may occur in close proximity to 
each other (e.g., the carotid bodies and the SIF cells in cervical 
sympathetic ganglia). It also is plagued by a number of internal 
inconsistencies, such as its prediction that the temporal paraganglia 
should be innervated by the facial nerve (4). 


Glossopharyng. N. — 
Vagus N. manic P 
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ele Jugular R 
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Inf. laryng. R. 
Inf. Jaryng. A. == 
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Figure 48.3 The distribution of the principal parasympathetic 
paraganglia. (Adapted with permission from: 


Glenner GG, Grimley PM. Tumors of the extraadrenal 
paraganglion system (including chemoreceptors). In: Atlas of 
Tumor Pathology. 2nd series, fascicle 9. Washington, DC: Armed 
Forces Institute of Pathology; 1974. 
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Figure 48.4 Gross specimens from a 5-year-old girl, illustrating 
normal carotid bodies and their relationship to the carotid 
arteries. (Courtesy of Dr. E. E. Lack.) 


Knowledge of the distribution of normal paraganglionic tissue is 
important because of its value in predicting the sites of origin of 
paragangliomas. These tumors have been reported at virtually all 
locations where normal paraganglia are found during fetal or adult 


life and tend to be most frequent in areas where paraganglionic 
tissue is most abundant. For example, in early childhood a high 
percentage of paraganglionic tissue is extra-adrenal (see 
a€ceEmbryologic Changesa€* and a€oePostnatal and Developmental 
Changesa€e ). Approximately half of all sympathetic paragangliomas 
in children are also extra-adrenal, most frequently arising in the 
vicinity of the organ of Zuckerkandl, while only about 10% are extra- 
adrenal in adults (30). However, it is also important to note that 
paraganglia may occur in locations outside the well-established 
sympathetic and parasympathetic distributions, perhaps explaining 
the existence of paragangliomas in unusual locations. Although 
intravagal paraganglia in humans have been identified only in the 
cervical and thoracic portions of the vagus nerve (31), in 
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rodents they are also present within the abdominal portions (32). It 
has not been ruled out that some abdominal paraganglia in humans, 
for example, in the gallbladder (33) (Figure 48.13), may be 
associated with small abdominal vagus nerve branches. In scattered 
reports, paraganglia have been described in various sites including 
the orbit, mandible, and extremities. The validity of some of these 
reports is questionable (4). 


Figure 48.5 Original illustration by Zuckerkandl of a transverse 
section of a human embryo (17 mm crowna€“heel length) 
showing presumed migration of primitive sympathetic cells into 
the adrenal glands. The darkly stippled masses traversed by 
nerves are the primitive sympathetic cells. a, aorta; gr, 
developing sympathetic ganglia; n. spl, splanchnic nerve; v, 
vertebra; p, peritoneal cushion; m, mesentery; n, adrenals. 
(Reprinted with permission from: 

Zuckerkandl E. The development of the chromaffin organs and of 
the suprarenal glands. In: Keibel F, Mall FP, eds. Manual of 
Human Embryology. Philadelphia: JB Lippincott; 1912. 
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Embryologic Changes 


During embryogenesis, the paraganglia are first populated by small, 
primitive cells similar to those in the anlage of the sympathetic 
ganglia. These cells include precursors of neuroendocrine, neural, 
and glial cell lineages in adult paraganglia (34,35) (see a€oeLight 
Microscopya€s ). They appear to be able to produce some 
catecholamines at the earliest stages of paraganglionic development 
(35,36) (see a€oceFunctiona€* ), and express cytoskeletal or other 
markers of immature neurons (35), or glia (35) (see â€œS pecial 
Proceduresa€* ). They are readily recognized in the paraganglia at 
about 7 weeks' gestation, although they first arrive somewhat earlier 
(1), and they are progressively superseded by larger, differentiated, 
cells. Extra-adrenal sympathetic (1) and parasympathetic (36,37) 
paraganglia mature cytologically earlier than the adrenal medulla. 
Primitive cells usually disappear from these locations by week 25 but 
may persist in small numbers in the adrenal medulla until after birth 
(Le 


Classic, descriptive, embryologic studies (38,39) show primitive 
sympathetic cells in large numbers around the spinal nerves and 
branches of the developing sympathetic trunks before the formation 
of the paraganglia. The cells are also described along the renal and 
spermatic arteries (39). The adrenal medulla is apparently colonized 
by invasion of primitive sympathetic cells into the cortex through the 
medial aspect of the capsule from the contiguous prevertebral and 
paravertebral sympathetic tissue (Figure 48.5). The invading cells 
initially form nodular aggregates in the cortex (Figure 48.6) and 
gradually coalesce around the central vein. They may form rosettes 
or pseudorosettes early 
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in gestation (1,40). Chromaffin cells are identifiable among these 
aggregates from about week 8 on (1,40) and gradually increase in 
number. The centripetal pattern of migration of primitive sympathetic 


cells into the adrenal may result in subcapsular and intracortical 
chromaffin cell rests (see Figure 48.25). Although some primitive 
sympathetic cells appear to penetrate the cortex along sympathetic 
nerve fibers, some are apparently not associated with nerve fibers 
(1). Innervation of the presumptive medulla by preganglionic nerve 
fibers does not appear to be necessary for colonization because 
experimental studies demonstrate that the medulla can form in 
adrenal primordia from 4- or 5-day chick embryos explanted to 
chorioallantoic membranes before the onset of innervation (41). 
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Figure 48.6 Section of adrenal gland from a 16-week human 
fetus showing typical aggregates of primitive sympathetic cells 
that are precursors of the medulla. Pyknotic nuclei and nuclei 
with changes consistent with apoptosis are present within the 
aggregates. Many of the small cells express immunoreactive 
tyrosine hydroxylase, the rate-limiting enzyme in catecholamine 
synthesis, but do not stain for CgA or synaptophysin, which are 
characteristic of larger, mature, or maturing chromaffin cells 
(35). Scattered S-100da€“positive cells consistent with the 
sustentacular cell lineage are observed at about week 20 (34). 


Nodular aggregates of primitive sympathetic cells, up to 400 Aum in 
greatest dimension, can be demonstrated in the adrenal glands of all 
human fetuses between the ages of 10 and 30 weeks if the glands 
are thoroughly sectioned (42). Aggregates with a diameter of over 1 
mm may occasionally be observed (40). Nerve fibers may connect 
intra-adrenal and extra-adrenal aggregates (42). The nodules peak in 
size and number between the ages of 17 and 20 weeks and then 
decline. Intranodular cystic degeneration is common from the age of 
20 weeks onward (42). Postnatal persistence of the nodules was 
apparently first described by Wiesel in 1902 (38). These occasional 
persistent nodules may account for some erroneous diagnoses of 
â€œin situ neuroblastomaa€* (42,43) (see a€ceDifferential 
Diagnosisa€e ). 


Primitive cells can be observed apparently migrating to developing 
parasympathetic paraganglia along branches of the glossopharyngeal 
and vagus nerves as well as from sympathetic nerves (37). The 
nature, origin, and fate of these cells from different sources and their 
respective contributions to the mature paraganglia were vigorously 
debated for more than 70 years (4,37). It is of interest that both the 
purely morphologic studies of Kohn et al. (38) and later 
histochemical studies (36) suggest an origin of the neurosecretory 
cells of the human carotid body, the prototypical parasympathetic 
paraganglion, from the sympathetic progenitors of the superior 
cervical ganglion. 


Postnatal and Developmental Changes 


The amount or distribution of paraganglionic tissue is known to 
change during development and aging. Sympathetic paraganglionic 
tissue in fetuses and neonates is primarily extra-adrenal, with the 
greatest volume in the organ of Zuckerkandl. The organ of 
Zuckerkandl develops maximally in humans by the age of about 3 
years, when its greatest dimension may be more than 20 mm. 
Thereafter, the organ involutes (1,20), while the adrenal medulla 


enlarges until maturity. Similarly, SIF cells are present in all human 
sympathetic ganglia at birth but are rare in adults (1). 
Parasympathetic paraganglionic tissue also appears to decrease in 
some locations and to increase in others. Subclavian and 
intrapulmonary paraganglia, for example, have been identified in 
human fetuses but not in adults (4). On the other hand, the number 
of jugular and tympanic paraganglia apparently increases after birth 
(27). The carotid bodies, which are the only parasympathetic 
paraganglia that are macroscopic, increase in size between infancy 
and adult life, when they are normally about 3 mm in greatest 
dimension (4) (Figure 48.4). 


The mechanisms involved in developmental remodeling of the 
paraganglionic system may hold a number of clues to the 
pathobiology of paraganglionic tumors. It is generally accepted that 
apoptosis plays a critical role in the development of both the central 
and peripheral nervous systems, where excess neural progenitor cells 
undergo apoptotic death after failing to establish functional contacts 
or receive appropriate tropic substances from target tissues (44,45). 
There have been few studies of apoptosis that are specifically 
focused on the paraganglia. However, apoptotic bodies can be 
identified within the aggregates of primitive sympathetic cells in the 
adrenal medulla (Figures 48.6 and 48.7). 


Phenotypic Plasticity 


Adult human adrenal chromaffin cells are able to 
a€cetransdifferentiatea€* into sympathetic neurons when removed 
from their in vivo environment and exposed to appropriate 
neurotrophic signals (46) (Figure 48.8). Capacity to undergo this 
fascinating metamorphosis is retained to varying degrees by 
developing or adult chromaffin cells from other species (47). The 
extent to which it is expressed in various extra-adrenal paraganglia 
has not been fully explored. 


Figure 48.7 Section of the same adrenal as in Figure 48.6 
showing terminal deoxynucleotidyl transferasea€“mediated end- 
labeling (48) of nuclei within a neuroblastic aggregate (black 
nuclei). This method, which detects fragmented DNA, can be 
helpful in locating apoptotic cells. (Courtesy of Dr. Salvador Diaz- 
Cano.) 
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Figure 48.8 Phenotypic plasticity of normal adult human adrenal 
chromaffin cells demonstrated by acquisition of neuron-like 
morphology in cell culture. Cells at left were maintained in 
control medium for 2 weeks and those at right were in medium 
supplemented with nerve growth factor (46). (Courtesy of Dr. 
James F. Powers.) Capacity to undergo this da€cetrans- 
differentiationa€* is exhibited to varying degrees by chromaffin 
cells from other species and from other normal or neoplastic 
paraganglia (47). 


Gross Features and Organ Weights 


The paraganglionic tissue of the grossly identifiable paraganglia is 
gray or graya€“pink. Recognition of this feature is particularly 
important in the adrenal gland because the medulla is normally 
confined to the head and body of the gland but extends into the tail 
and alae in adrenal medullary hyperplasia (49,50). An accurate gross 
examination requires that the brown tissue of the cortical zona 
reticularis not be misidentified as medulla. 


Because of the anatomic variability of the microscopic paraganglia 
and the organ Zuckerkandl, meaningful weights can be ascribed only 
to the adrenal medulla and carotid bodies. Extensive morphometric 
studies (51) have shown that the neonatal adrenal medulla accounts 
for approximately 0.4% of the total volume of the gland and weighs 
approximately 0.012 g. These values increase to 4.2% and 0.08 g at 
2 years of age, 7.0% and 0.28 g between the ages of 10 and 13 
years, and 9.9% and 0.46 g in adults up to the age of 40 years. After 
the age of 40 years, there is a small decline in medullary weight and 
volume. The weight of the carotid bodies appears to correlate more 
closely with body weight than with age. Lack (52) has proposed an 
equation to estimate carotid body weight from body weight for any 
age group: combined weight of carotid bodies (mg) = 0.29 A— body 
weight (kg) + 3.0. Standard deviations for any age group are large 


(53), but in normal adults the combined weight is usually less than 
30 mg. The carotid body increases in size and weight in individuals 
living at high altitudes (54) and in patients with hypoxemia due to a 
variety of ailments (55,56,57,58). 


Anatomy 


All paraganglia are highly vascular, a characteristic that permits 
them to be localized by leakage of systemically injected dye in 
animal studies (59). However, the details of their blood supply are 
highly varied according to their location and function. For example, 
the adrenal medulla receives arterial blood from three arteriesa€”the 
inferior phrenic artery, aorta, and renal arteriesa€”and drains via a 
single adrenal vein that empties into the renal vein on the left and 
the aorta on the right. The carotid body receives arterial blood from 
one or occasionally two small arteries arising from the vicinity of the 
carotid bifurcation and drains via several small veins into the 
pharyngeal, superior laryngeal, and lingual veins (4). 


The innervation of paraganglia is comparably site specific. In 
general, sympathetic paraganglia receive preganglionic cholinergic 
sympathetic innervation and variable amounts of noradrenergic 
and/or peptidergic innervation from intrinsic neurons, nearby 
sympathetic ganglia, and other sources. Most of the neuroendocrine 
cells in the adrenal medulla are innervated (60), in contrast to the 
Sparse innervation of extra-adrenal sympathetic paraganglia (1,61), 
and it has been suggested that the ability of paraganglia to attract or 
maintain innervation might determine the extent to which they 
persist or involute at different sites (11). Parasympathetic 
paraganglia generally receive their innervation from branches of 
either the vagus or glossopharyngeal nerves but also may receive 
some sympathetic input. A small percentage of carotid body cells, for 
example, reportedly synapse with preganglionic sympathetic fibers 
(62). Some carotid body cells also may lack innervation (63). In 
addition to innervation that directly involves neuroendocrine cells, 


paraganglia may receive vasomotor innervation from the nearby 
Superior cervical ganglion and from a small number of intrinsic 
neurons (62,64). Multiple peptide neurotransmitters have been 
identified in nerve endings innervating the carotid body, and dynamic 
alterations of innervation have been reported in response to hypoxic 
stress (65). Multiple neurotransmitters are also present in adrenal 
medullary nerve endings and play a variety of roles in regulating 
both the development and function of adrenal chromaffin cells (66). 
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The neurovascular relationships of individual parasympathetic 
paraganglia have been described in great detail by several 
investigators (4,37). Of particular interest to pathologists are the 
paraganglia that give rise to glomus jugulare and glomus 
tympanicum paragangliomas in the floor or the wall of the middle 
ear. The paraganglia in the human temporal bone are distributed 
along the auricular branch of the vagus nerve (Arnold's nerve), and 
the tympanic branch of the glossopharyngeal nerve (Jacobson's 
nerve) (27). About 70% of paraganglia related to Arnold's nerve 
occur on the jugular bulb. The remainders follow the nerve through 
the mastoid canaliculus toward the vertical portion of the facial 
nerve. Paraganglia along Jacobson's nerve occur anywhere from the 
origin of the nerve at the petrosal ganglion (10%) to the jugular bulb 
(28%), tympanic canaliculus (40%), promontory of the middle ear 
(20%), and beyond (2%). Glomus jugulare tumors may therefore be 
associated with either Arnold's or Jacobson's nerve, although the 
former is most likely. Glomus tympanicum tumors are almost always 
associated with Jacobson's nerve (4). 


Light Microscopy 
Cell Types 


Paraganglia contain two major types of cell: neuroendocrine cells and 
Supporting cells. The former have been referred to in many 


publications as a€cegranule-containing cells.a€* | a€oechromaffin 
cells,a€* or a€oechromaffin-like cellsa€* in sympathetic paraganglia 
and a€ceglomus cells,a€* a€cetype | cells,a€* or â€œchief cellsa€e 
in parasympathetic paraganglia. The latter also have been called 
a€cesustentacular cells,a€* a€cesatellite cells,a€* a€oesupporting 
cells,a€* or â€œtype II cellsa€* (4,26). In addition, there are 
variable numbers of connective tissue cells, vascular cells, Schwann 
cells, myelinated or unmyelinated nerve fibers, and intrinsic neurons. 
An additional commonly encountered cell type is the mast cell, which 
may be abundant in both ganglia and paraganglia (4,67). In 
hematoxylin and eosin (H&E)a€“stained sections, paraganglionic 
neuroendocrine cells are polygonal cells with amphophilic or 
basophilic cytoplasm and small, spherical or ovoid, pale-staining 
nuclei. Immunocytochemical stains for neuroendocrine markers can 
easily confirm their identity (see a€ceSpecial Proceduresd€e ). 
Electron microscopy or argyrophil-type silver stains to demonstrate 
secretory granules or fluorescence methods to demonstrate 
catecholamines are employed in older publications. The 
neuroendocrine cells in paraganglia tend to form clusters and cords, 
described as Zellballen and ZellstrAnngen by Alfred Kohn (5), and 
may be partially or completely surrounded by supporting cells. The 
latter are usually flattened, with less conspicuous cytoplasm and 
more deeply basophilic nuclei with coarsely clumped chromatin. They 
appear to be glial cells, possibly related to nona€“myelin-forming 
Schwann cells elsewhere in the peripheral nervous system (68), and 
can be identified by staining for S-100 protein (69) (see â€œS pecial 
Proceduresa€e ). Like nona€“myelin-forming Schwann cells, they 
have been reported in some instances to also stain for glial fibrillary 
acidic protein (70). They are present in both parasympathetic (69,70) 
and sympathetic (71,72) paraganglia but are more numerous in the 
former, where they cause the Zellballen to appear more pronounced 
(Figures 48.9,48.10,48.11,48.12). 


Figure 48.9 Section of organ of Zuckerkandl from a mid- 
trimester human fetus, demonstrating typical cords and nests of 
chief cells with rounded or oval nuclei and amphophilic 
cytoplasm, and occasional interspersed sustentacular cells with 
flattened nuclei and inconspicuous cytoplasm (arrows). 


Lobular Architecture of the Carotid Body 


The carotid body is architecturally distinctive in that it consists of 
lobules separated by connective tissue septa (Figure 48.14). 
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Each lobule is individually reminiscent of the microscopic paraganglia 
that occur in other sites and is composed of nests of chief cells 
surrounded by other cell types. This lobular arrangement is important 
to pathologists because carotid body hyperplasia is generally defined 
as an increase in mean lobule diameter (52,53,54,55,56). The 
amount of connective tissue between lobules in the carotid body 
tends to increase with age. Schwann cell proliferation and axonal 
sprouting also may occur at the periphery of lobules (Figure 48.15). 
One group of investigators has reported that the latter change is the 
pathognomonic feature of lobular hyperplasia in elderly patients with 


emphysema or hypertension (56). Other investigators studying 
specimens predominantly from patients with congenital heart disease 
have reported proportional proliferation of sSustentacular cells and 
chief cells (52,53,55), whereas still others have reported chief cell 
hyperplasia in high-altitude dwellers (54). Lobular architecture 
similar to that of the carotid body is occasionally observed in other 
parasympathetic paraganglia, particularly if they are enlarged (53). 


Figure 48.10 Organ of Zuckerkandl and adjacent sympathetic 
ganglion (same specimen as in Figures 
48.20,48.21,48.22,48.23), stained for S-100 protein. 
Immunoreactivity for this antigen is typically localized in both 
nuclei and cytoplasm. Scattered sustentacular cells are stained in 
the organ of Zuckerkandl (right, arrows), where they tend to be 
located at the periphery of cell nests. Schwann cells are stained 
in the ganglion (left). 


Figure 48.11 Section of carotid body from a 6-day-old infant 
demonstrating a _ characteristically more heterogeneous cell 
population than in Figure 48.9. Small nests of chief cells are 
highlighted by surrounding sustentacular cells and other cell 
types. 


Figure 48.12 Lobule of a carotid body from a 16-day-old infant 
stained for S-100 protein. In contrast to the relatively sparse S- 


100a€“positive cells in the organ of Zuckerkandl (see Figure 
48.10), there are numerous stained sustentacular cells within the 
lobule, accentuating the Zellballen, and numerous stained 
Schwann cells both within and adjacent to the lobule, as 
diagrammed in Figure 48.17. 


Ultrastructure 


At the ultrastructural level, paraganglionic neuroendocrine cells are 
characterized by numerous membrane-bound granules or â€œdense- 
core vesiclesa€* approximately 60 to 400 nm in greatest dimension. 
They sometimes also contain small synaptic-like vesicles that may 
accumulate in clusters near the plasma membrane (73). 
Neuroendocrine secretory granules may vary in size, shape, and 
electron density, reflecting differences in the secretory products 
stored, the functional state of individual cells, and fixation 
conditions. In the rodent adrenal medulla, where epinephrine and 
norepinephrine are mostly stored in separate cells, fixation in 
glutaraldehyde and postfixation in osmium tetroxide cause granules 
in norepinephrine cells to appear homogeneously electron dense, 
whereas those in epinephrine cells are lighter and finely particulate. 
The mechanism for the differentiation involves formation of an 
insoluble reaction product between glutaraldehyde and 
norepinephrine, which is subsequently 
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darkened by osmium (1,74). Because epinephrine does not similarly 
react with glutaraldehyde, it diffuses out of the granules, leaving 
behind other granule constituents that are less osmiophilic. To be 
successful, this method requires adequate fixation of fresh tissue. 
Human adrenal medullary cells occasionally exhibit homogeneous 
populations of epinephrine or norepinephrine-type granules (Figure 
48.16), but most cells have mixed granule populations (75) and 
synthesize both epinephrine and norepinephrine (76). The electron 


density of most granules in extra-adrenal paraganglia is comparable 
to that of norepinephrine-type granules in the adrenal. 


Figure 48.13 A microscopic paraganglion (small, oval, blue 
structure outlined in box) discovered as an incidental finding in 
the wall of the gallbladder of a 40-year-old woman. Right panel 
shows higher magnification of the paraganglion, illustrating 
prominent capillaries and admixed cell types. 


Figure 48.14 Carotid body from a 10-day-old infant, illustrating 
lobules separated by connective tissue septa. 


Figure 48.15 A. Carotid body from a 55-year-old woman with 
hypertension and emphysema. Lobules are separated by greater 
amounts of connective tissue than in Figure 48.14. In addition, 
there is a circumlobular proliferation of Schwann cells, 
demonstrable by staining for S-100 protein (B). The latter 
change has been reported by some investigators to be 
characteristic of lobular hyperplasia in patients with hypertension 


(56). 


The ultrastructural organization of paraganglia and the proportions of 
their constituent cell types vary in different sites, apparently to suit 
different physiological needs. Both sympathetic and parasympathetic 
paraganglia contain numerous small capillaries. In the former, 
portions of the surfaces of neuroendocrine cells closest to these 
vessels are usually separated from the capillary endothelium only by 
basal laminae and occasional collagen fibrils, suggesting that 
sympathetic paraganglia in most instances function as endocrine 
glands (61). In some locations, their secretory products appear to be 
provided for local use (9). In contrast, the neuroendocrine cells in 
parasympathetic paraganglia tend to be separated from the capillary 
lumina by sustentacular cells, pericytes, or both (Figures 
48.17,48.18,48.19). It therefore appears that a major role of their 
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secretory products is to act directly on sensory parasympathetic 
nerve endings rather than to enter circulating blood (62,73,77,78). 


Figure 48.16 Electron micrograph of normal human adrenal 


medulla fixed in glutaraldehyde and postfixed in osmium 
tetroxide. Portions of cells at left contain predominantly light, 
finely particulate epinephrine-type granules, whereas cells at 
right contain predominantly dark, homogeneously electron-dense 
norepinephrine-type granules. The eccentric location of the 
granule cores within their surrounding membranes is a fixation 
artefact most commonly observed with granules of the latter type 
(original magnification A—9,677). (Reprinted with permission 
from: 

Tischler AS, The adrenal medulla and extra-adrenal paraganglia. 
In: Kovacs K, Asa SL, eds. Functional Endocrine Pathology. 
Cambridge, MA: Blackwell; 1990. 

) 


Figure 48.17 Diagram of the architecture of the human carotid 
body at the periphery of a lobule. Chief cells (C) in a small nest 
are insulated from the lumen of a nearby capillary (cap) by 


sustentacular cells (S), fibroblasts (F), and pericytes (P) and 
form synapses (syn) with parasympathetic axons (ax). They are 
also joined to each other by simple â€œpuncta adherentiaa€« 
type junctions (pa). Axons surrounded by Schwann cells (Sc) are 
present at the periphery of the lobule. Other illustrated 
structures are basement membrane (bm), endothelial cells (E), 
cilia (ci), and mitochondrion-rich axonal dilations termed 
a€cemitochondrial sacsa€* (ms). (Reprinted with permission 
from: 

BAick P, Stockinger L, Vyslonzil E. The fine structure of the 
human carotid body [article in German]. Z Zellforsch Mikrosk 
Anat 1970;105:543a€“568. 

) 


The relationships between individual neuroendocrine cells and nerve 
endings in paraganglia can be defined as presynaptic, postsynaptic, 
or reciprocally synaptic, based on the locations of synaptic 
membrane densities and vesicle accumulations. In the adrenal 
medulla the chromaffin cells are postsynaptic, consistent with their 
principal role of secreting hormones in response to neural 
stimulation. In contrast, numerous reciprocal synapses involving 
nerve endings and chief cells of the carotid body are consistent with 
the carotid body's chemosensory functions. 


Despite the above generalizations, there is some overlap in the 
functional organization of sympathetic and parasympathetic 
paraganglia. This is especially apparent for SIF cells, at least in 
rodents, where they have been extensively studied. SIF cells are 
usually related to blood vessels and nerve endings comparably to 
other sympathetic paraganglionic cells. In some ganglia, however, 
they are insulated from the capillary lumina (11,12). Generally, they 
receive preganglionic sympathetic synapses, but in a few locations 
some may apparently also provide synapses to sympathetic neurons, 
suggesting a role as interneurons. Some also may be involved in 


reciprocal synapses with their preganglionic axons, suggesting 
chemoreceptor functions (79). Different SIF cells within a single 
small cluster can have different synaptic relationships, and a single 
process from one SIF cell can both synapse on a neuron and be in 
direct contact with a capillary basal lamina (11). 
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It is important to note that two morphologically distinct types of SIF 
cells have been described in rodents, accounting in part for this 
functional diversity. â€œType | SIF cells,a€* which have 
ultrastructural features intermediate between neuroendocrine cells 
and neurons and are possibly interneurons, have not been identified 
in human ganglia. a€ceType IlI SIF cellsa€* which are the only 
identified human SIF cell, resemble chromaffin cells or chief cells in 
sympathetic paraganglia (2). 


Figure 48.18 Electron micrograph of human carotid body from 


an area similar to that illustrated in Figure 48.17. S, 
sustentacular cell; cap, capillary; ax, axon (original magnification 
A—8,000). (Adapted with permission from: 

BA{ck P, Stockinger L, Vyslonzil E. The fine structure of the 
human carotid body [article in German]. Z Zellforsch Mikrosk 
Anat 1970;105:543a€“568. 

) 


Figure 48.19 Electron micrograph of two chief cells enclosed 
within the perineurium of a small myelinated nerve in the vicinity 
of a human carotid body. This configuration has been described 
for intravagal paraganglia (53). As in the carotid body (see 
Figures 48.17 and 48.18), the chief cells are separated from the 


lumen of a nearby capillary (original magnification A—5,400). C, 
chief cells; E, endothelial cell; ax, axons. (Courtesy of Professor 
P. BA ck.) 


Function 


Physiological Roles 


Paraganglia release secretory products in response to neural or 
chemical stimuli. Those products may be used for endocrine, 
paracrine, neurotransmitter, or neuromodulatory functions, 
depending on their anatomic context. Although their secretory 
products are similar and there is evidence of some functional 
overlap, sympathetic and parasympathetic paraganglia generally 
appear to differ in the major types of stimuli to which they respond. 
Responses to different types of stimuli also may delineate subsets of 
paraganglia within the sympathetic and parasympathetic groups. 


The adult adrenal medulla responds principally to signals derived 
from neurons via trans-synaptic stimulation. Various physiological 
stressors reflexly evoke discharges of splanchnic nerve endings that 
synapse on chromaffin cells, causing release of secretory granules by 
Ca2+-mediated exocytosis. This secretory response is accompanied 
by ancillary effects including activation of protooncogenes (80), 
activation and induction of enzymes involved in replenishing granule 
constituents (81), and possibly stimulation of chromaffin cell 
proliferation (82). Cellular responses to neurally derived signals may 
be modulated by chemical signals, including corticosteroids and other 
hormones (81), growth factors (83), and secreted chromogranin 
fragments (84). Recent studies of the rat adrenal medulla suggest 
that neurally derived signals may increase the expression of 
receptors that regulate chromaffin cell function, including the 
receptor tyrosine kinase RET. The finding that RET expression is not 


static may help to resolve the conundrum of how that molecule, 
which is expressed at very low levels in the adult adrenal, 
contributes to the development of adrenal medullary hyperplasia and 
pheochromocytoma in MEN2 syndromes (85). 


The sparse innervation of the extra-adrenal sympathetic paraganglia 
(61) suggests that they respond principally to chemical signals, and 
one possible signal is hypoxemia. It has been suggested that the 
organ of Zuckerkandl in rabbits and humans secretes catecholamines 
in response to hypoxemia during development (86,87). In other 
species, chemoreceptive functions have also been postulated for 
certain SIF cells (78,87,88), and for the immature adrenal medulla 
before the establishment of innervation (90). 


Chemoreception is best established as a function of parasympathetic 
paraganglia. It was first shown in the 1930s that the carotid bodies 
and aortic paraganglia function as portions of reflex loops involving 
the central nervous system, whereby low pO2, low pH, and high pCO2 
stimulate breathing (4). However, it was long debated whether the 
neuroendocrine cells in the carotid body are the primary receptor 
elements or whether their function is to modulate chemoreceptor 
properties intrinsic to the 
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sensory nerve endings. Electrophysiological studies of the mechanism 
of chemoreception have shown that the three major chemosensory 
stimuli depolarize dissociated carotid body chief cells. This leads to 
influx of calcium through voltage-gated calcium channels and to 
calcium-dependent release of secretory products to stimulate sensory 
nerve endings (10,91). Chemoreceptor reflexes have been postulated 
for other parasympathetic paraganglia on the basis of their 
similarities to the carotid body (28,92), but the nature and 
importance of such reflexes in vivo have not been defined. It may be 
of interest in this regard that patients who have had their carotid 
bodies removed exhibit impaired ventilatory reflexes (93), and that 
carotid body hyperplasia occurs in association with life at high 
altitude (54), chronic obstructive pulmonary disease, restrictive 


pulmonary disease, cystic fibrosis, and cyanotic congenital heart 
disease (52,53,55,56,57,58). In contrast, vagal paraganglia only 
sometimes increase in number or size (55). A tenfold increase in the 
prevalence of carotid body paragangliomas is reported at high 
altitudes (94), but this association has not been made for 
paragangliomas at other sites. 


Secretory Products 


Although studies using the chromaffin reaction suggested that 
catecholamines were produced by sympathetic not parasympathetic 
paraganglia (4), more sensitive methods now available indicate that 
they are produced by paraganglia of both classes. Those methods 
include immunocytochemistry to demonstrate both catecholamines 
themselves and their biosynthetic enzymes (76,95,96), as well as 
older fluorescence techniques to demonstrate catecholamine stores 
(97) (see a€ceSpecial Proceduresa€* ). Most of the body's 
epinephrine production is in the adrenal medulla, where the 
epinephrine-to-norepinephrine ratio iS approximately 4:1 (98). In 
contrast, over 90% of the catecholamine content of extra-adrenal 
sympathetic paraganglia is norepinephrine (20). Parasympathetic 
paraganglia produce almost no epinephrine but may produce 
Significant quantities of dopamine (99). Serotonin has been reported 
in addition to catecholamines in some human paraganglia (100), but 
it is not clear in some studies whether the presence of serotonin is 
due to synthesis or uptake (101). 


In addition to producing catecholamines, both sympathetic and 
parasympathetic paraganglia synthesize regulatory peptides, the 
most prevalent of which are enkephalins (76,102,103,104,105). 
Regulatory peptides and amines usually coexist in the same cells and 
in the same secretory granules (105). The granules also contain 
granin proteins (103,106,107), adenine nucleotides, peptide-cleaving 
and amidating enzymes, dopamine beta-hydroxylase, and numerous 
other constituents of both known and unknown function (108). 


Peptide growth factors that might exert autocrine, paracrine, and 
neurotropic effects also may be present (108,109). Together these 
granule constituents comprise a a€oesecretory cocktail,a€* the 
composition of which can be varied in different physiological and 
pathological states (81,108). 


Gender Differences 


Significant gender differences in the histology of paraganglia have 
not been reported. However, there is some evidence for functional 
differences. For example, women in general appear to have slightly 
increased susceptibility to carotid body paragangliomas. This 
difference is accentuated by life at high altitude, where the tumors 
have a female-to-male ratio of approximately 8:1 (110). 


Aging Changes 

Aging changes described in human paraganglia are limited to the 
topographic and involutional changes described in the sections on 
a€ceDistribution of Paraganglia,a€* a€coeGross Features and Organ 
Weights,a€* and a€oeLobular Architecture of the Carotid Body.a€« 
Subtle histochemical changes have been described in the composition 
of adrenal chromaffin granules of rats (111) and also might occur in 
other paraganglia. Hypertrophy or hyperplasia of extra-adrenal 
paraganglia also occurs in aging rats (112). 


Special Procedures 


Immunohistochemistry 


The study of normal and pathologic paraganglia has been greatly 
facilitated by recent advances in immunohistochemistry. Antibodies 
that are now commercially available permit identification and 
functional characterization of specific paraganglionic cell types in 
sections of formalin-fixed, paraffin-embedded tissue. In addition, the 


advent of microwave antigen retrieval (113) has both improved the 
quality of immunohistochemical staining and eliminated some of the 
variability previously caused by prolonged fixation. Highly sensitive, 
polymer-based reporter systems have both increased the sensitivity 
of immunohistochemical staining and eliminated artefact due to 
endogenous biotin (114). For most purposes, immunohistochemistry 
can now replace previously useful but more cumbersome or less 
specific techniques such as electron microscopy, catecholamine 
fluorescence, or silver stains. 


Paraganglia express a plethora of markers shared to varying degrees 
with other neural and endocrine tissues. A partial categorization 
includes amines, regulatory peptides, granins and other constituents 
of the secretory granule matrix, secretory granule membrane and cell 
membrane 
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components, and cytoskeletal proteins. Proteins known as 
a€ceSNAPa€* s and a€ceSNAREda€* s (SNAP receptors) that are 
involved in docking of secretory granules at the cell membrane in 
preparation for exocytosis comprise an important new class of 
markers. Those proteins include synaptobrevin, synaptotagmin, 
syntaxin, and SNAP-25 (115). 


For pathologists, the major current applications of 
immunohistochemistry to the paraganglionic system are the 
diagnosis and functional characterization of paraganglionic tumors. 
Potential future applications include identification of markers that 
may be applicable to targeted therapy, such as specific somatostatin 
receptor subtypes (116), or profiling of tumors for clusters of 
markers associated with specific tumor syndromes or with 
malignancy (15) (see a€ceClinicopathologic Perspectivea€« ) 
(76,103,117). 


For diagnostic purposes, care must be taken to select from the large 
number of available markers those that are the most specific. For 
example, immunoreactivity for synaptophysin, a secretory vesicle 


membrane protein, is characteristically present in paraganglia but 
also reported in adrenal cortex (118,119). Similarly, certain SNAP 
and SNARE proteins are present in normal lymphoid cells (120,121). 
Reagents that have been particularly valuable in histopathology of 
paraganglia are antibodies against chromogranin A (CgA), 
catecholamine biosynthetic enzymes, and S-100 protein. 


CgA is an acidic protein that constitutes more than half the weight of 
many types of neuroendocrine secretory granule. It appears to be 
present in most or all paraganglionic neuroendocrine cells and is 
therefore a useful generic marker that can, in most instances, serve 
to establish the neuroendocrine nature of particular cells or tissues in 
the paraganglionic system (122,123) (Figures 
48.20,48.21,48.22,48.23,48.24,48.25,48.26,48.27). Because it is 
concentrated mostly in secretory granules, it may fail to stain cells 
that are degranulated due to low rates of synthesis, high rates of 
turnover, or low storage capacity. In sympathetic ganglia, it can be 
used to conveniently discriminate SIF cells from principal 
sympathetic neurons, which produce CgA but have few perikaryal 
secretory granules (124) (Figures 48.21, 48.22, and 48.24). CgA was 
the first described member of the granin family of proteins, which 
now includes seven members (CgA and B, secretogranin II and Ill, 
7B2, NESP55, and VGF) (106,107). These proteins are differentially 
expressed in neuroendocrine tissues of different species. Although 
most are present in the adrenal medulla, their distributions in other 
paraganglia are incompletely mapped (107). Their roles include 
sorting of proteins to the regulated secretory pathway and directing 
secretory granule biogenesis. In addition, they serve as 
multifunctional prohormones, giving rise to cleavage fragments that 
exert a variety of autocrine, paracrine, and systemic effects. 


Figure 48.20 Transverse section through the aorta of a mid- 
trimester human fetus (same fetus as in Figure 48.25) at the 
level of the inferior mesenteric artery, demonstrating organ of 
Zuckerkandl and adjacent sympathetic ganglion, related as 
diagrammed in Figure 48.2. 


Figure 48.21 Section adjacent to that shown in Figure 48.20, 
stained for CgA. Staining is intense in the organ of Zuckerkandl 


and in small nests of neuroendocrine cells within and adjacent to 


the ganglion, 


but not in sympathetic neurons. 


48.22 Higher magnification of central area of section 
in Figure 48.21. Organ of Zuckerkandl is on right, 


Figure 
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left. 
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Figure 48.23 Section adjacent to that shown in Figure 48.22, 
stained for TH. Intense immunoreactivity is present in both 
sympathetic neurons and paraganglionic neuroendocrine cells. 
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Figure 48.24 Sympathetic ganglion from the paravertebral trunk 
of a mid-trimester human fetus (same fetus as in Figures 
48.20,48.21,48.22,48.23), stained for CgA. Neuroendocrine cells 
are identified both within and adjacent to the ganglion. CgA- 
positive processes, which might be derived from either neurons 
Or neuroendocrine cells, Surround a small blood vessel (arrow). 


Figure 48.25 Adrenal gland from a mid-trimester human fetus 
(same fetus as in Figures 48.20,48.21,48.22,48.23), stained for 
CgA. The medulla (bottom) contains only scattered positive cells, 
in contrast to the organ of Zuckerkandl (Figure 48.21). Extra- 
adrenal (left arrow) and subcapsular (right arrow) paraganglionic 
cells are also identified by their immunoreactivity. 
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Figure 48.26 A small retroperitoneal paraganglion similar to 
that in Figure 48.13, incidentally removed along with adjacent 
ganglion and lymph node from a 5-month-old infant during 
resection of a Wilms' tumor. Soaking the coverslip off a routine 
H&Ea€“stained histologic section and restaining for CgA 
confirmed the identity of the paraganglion. The stability and 
abundance of this antigen make it particularly suitable for such 
procedures. 


Figure 48.27 Lobule of a carotid body stained for CgA, 
demonstrating nests of immunoreactive chief cells surrounded by 
unstained cells of other types. 
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Perhaps the most important advance in decades from the standpoint 
of surgical pathology of the paraganglia is the availability of 
antibodies against the catecholamine-synthesizing enzymes tyrosine 
hydroxylase (TH), dopamine beta-hydroxylase (DBH), and 
phenylethanolamine-N-methyltransferase (PNMT). With these 
reagents, it is now usually possible to infer from a paraffin section 
not only whether a tumor was catecholamine producing, but also 
what catecholamines were produced. The need for fluorescence 
methods that directly detect catecholamine stores but require fresh 
tissue is therefore, in most instances, eliminated. Tyrosine 
hydroxylase (TH) is the rate-limiting enzyme in catecholamine 
synthesis and is therefore found in all catecholamine-producing cells 
(Figures 48.23 and 48.28), whereas dopamine i?-hydroxylase (DBH) 
is found only in cells that produce norepinephrine, and PNMT is found 
only in cells that can convert norepinephrine to epinephrine. This 
immunocytochemical approach provides a cellular correlate to 
biochemical data by demonstrating that only rarely do _ extra-adrenal 
paraganglionic cells stain for PNMT (95), in contrast to the adrenal 
medulla where the great majority of cells are stained (76) (Figures 
48.29 and 48.30). It also has been useful in demonstrating 
catecholamine-synthesizing ability in pheochromocytomas and extra- 
adrenal paragangliomas (96,125). Because TH and PNMT are 
cytosolic enzymes (108), staining is not dependent on storage of 
secretory granules. Sympathetic neurons, for example, stain strongly 
for TH (Figure 48.23), in contrast to their weak or absent staining for 
CgA (Figures 48.21, 48.22, 48.24, and 48.26). In contrast to 
chromogranins, which are present in many types of neuroendocrine 
cells, catecholamine biosynthetic enzymes in adult humans are 


normally present only in paraganglia and neurons (95). In addition to 
their biosynthetic enzymes, catecholamines themselves may be 
localized by immunohistochemistry. However, the presence of 
catecholamines without biosynthetic enzymes under some 
circumstances (96) suggests that synthesis cannot be distinguished 
from uptake by this approach. 
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Figure 48.28 Lobule of a carotid body stained for TH. The 
catecholamine-synthesizing ability of chief cells is inferred by 
positive staining of chief cell nests, which are surrounded by 
unstained cells of other types. 


Figure 48.29 Adult adrenal gland stained for PNMT. The ability 
of almost all neuroendocrine cells in the adrenal medulla to 
synthesize epinephrine is inferred from their positive staining. 
Occasional cells are unstained (arrow) as previously reported 
(76) and as suggested by the electron micrograph in Figure 
48.16. 


S-100 protein was initially described as a calcium-binding dimer 
consisting of alpha-alpha, alpha-beta, or beta-beta chains and was 
initially believed to be specific for central and peripheral nervous 
system glial cells. Subsequent studies showed a wider distribution of 
immunoreactivity (126). Immunostaining for S-100 nevertheless 
provides a useful marker in appropriate contexts. Because of their 
nondescript cytologic characteristics, the sustentacular cells in 
paraganglia are difficult to identify with certainty in sections stained 
with hematoxylin and eosin. The intense nuclear 
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immunoreactivity of these cells for S-100 permits them to be 
identified in sympathetic and parasympathetic paraganglia (Figures 
48.10 and 48.12). Interestingly, they also may be identified in 
paragangliomas (71,72), a finding that might reflect either ingrowth 


from nearby normal tissue or bidirectional differentiation. 
Sustentacular cells must be distinguished from Langerhans cells and 
interdigitating reticulum cells of the immune system, which also 
express S-100. Both sustentacular cells and Schwann cells contain 
predominantly the beta subunit of S-100 (127). The S-100 protein 
family has now expanded beyond the original alpha and beta subunits 
to include at least 17 members postulated to play a variety of roles 
in different cell types (128). 
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Figure 48.30 Organ of Zuckerkandl (Same specimen as in 
Figures 48.20,48.21,48.22,48.23) stained for PNMT. Although all 
the neuroendocrine cells stain for TH and can produce 
catecholamines (Figure 48.23), only rare cells (arrow) contain 
immunoreactive PNMT. This finding is consistent with the limited 
ability of extra-adrenal paraganglia to synthesize epinephrine, 
the final step in the catecholamine biosynthetic pathway. 


Figure 48.31 Adult adrenal gland stained for somatostatin, 
illustrating strongly immunoreactive cells scattered among cells 
with no detectable immunoreactivity. Immunohistochemical 
staining of paraganglionic neuroendocrine cells for regulatory 
peptides can suggest functional heterogeneity despite the fact 
that all of the cells produce catecholamines. 


Immunohistochemical studies might help to reveal subtle expressions 
of functional heterogeneity in normal paraganglia that could 
contribute to understanding of syndrome-associated phenotypes. 
Examples might include the absence of epinephrine-synthesizing 
ability or the expression of particular regulatory peptides in small 
numbers of human chromaffin cells (76) (Figures 
48.29,48.30,48.31). Evidence of differential innervation might also 
provide clues to differential function (103,117). 


I mmunohistochemical Artifacts 


Important artifacts that must be borne in mind in 
immunohistochemical studies of paraganglia are the nonspecific 
interactions of some, but not all, antibodies with the secretory 
granules of mast cells (129,130) and of certain neuroendocrine cells 


(131). These artifacts may be particularly troublesome because, due 
to their inconstancy, negative controls consisting of irrelevant 
antibodies or normal sera are not adequate. The mast cell artifact 
has undoubtedly resulted in erroneous published reports of 
neuroendocrine secretory products in nonendocrine tissues, and also 
could produce incorrect results in studies of paraganglia because of 
their sometimes high mast cell content (67). The mechanism of the 
mast cell artifact is not known (130), but in some cases the staining 
may be eliminated by dilution in the presence of normal serum 
proteins (129). Nonspecific binding of immunoglobulins to 
neuroendocrine secretory granules appears to result from ionic 
interactions and may be reduced by high concentrations of salt in the 
buffer (131). A buffer containing 0.5 mol/L NaCl should not interfere 
with specific high-affinity antigena€“antibody interactions and, in 
many instances, may be used routinely. 


Other artifacts that are not specific to neuroendocrine cells may also 
be encountered in studies of paraganglia. In immunohistochemical 
protocols that employ a biotin bridge, such as the widely utilized 
a€ceABCa€* technique, artefactual staining may result from the 
presence of endogenous biotin. This problem may be exacerbated by 
heat-based antigen retrieval, which can unmask endogenous biotin in 
addition to specific antigens (132). Commercially available biotin 
blocking kits offer some remedy, but a preferable solution may be to 
discontinue the use of biotin-based systems and switch to newer 
methods that employ secondary antibodies conjugated to polymer- 
bound reporter enzymes (114). Various types of artifactual staining 
with less clear mechanisms are also sometimes encountered. In the 
adrenal gland, for example, some antibodies inexplicably produce 
Spurious staining in the adrenal cortex (114). This particularly tends 
to occur in the inner portion of the cortex, and might therefore result 
from nonspecific interactions of some antibodies with lipochrome 
pigments. Cells that are rich in mitochondria occasionally also show 
weak nonspecific staining. In addition to spurious staining caused by 
these and other artifacts, the possibility of actual immunological 


cross-reactivity of an antibody with different proteins must always be 
considered. 


In general, immunohistochemical studies should be performed with 
optimally diluted antibodies and verified, when practical, with 
antibodies from more than one source. Ideally, adsorption controls 
and immunoblots should also be employed for validation, particularly 
in research studies or when new markers or antibodies are 
introduced. Controls consisting solely of primary antibody omission 
should not be considered adequate even for routine studies. Buffer 
composition, blocking proteins, and controls are now to some extent 
becoming standardized in automated staining procedures, but should 
still be optimized for each new antibody as discussed in many 
textbooks and reviews (133). 


Other Special Procedures 


Fluorescence methods for detection of catecholamines or other 
biogenic amines now have very little use in routine pathology. 
However, literature searches of PubMed or other databases continue 
to demonstrate the value of these techniques in occasional research 
applications. 
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Catecholamines can be demonstrated in freeze dried or frozen 
sections or in touch preparations either by formaldehyde vapora€“ 
(97,134) or glyoxylic acida€“induced (135) fluorescence. The 
glyoxylic acid method is usually preferable because it produces 
nondiffusing fluorophores. 


Other research applications of histological techniques include the use 
of in situ hybridization to detect genetic abnormalities in 
paragangliomas (136,137,138) or to map the expression of specific 
mRNAs (139). 


Differential Diagnosis 


Paraganglia must be discriminated from normal but similar-appearing 
nonparaganglionic structures and from a variety of malignant tumors. 
The ampulloglomerular organ (140), glomus coccygeum, and glomera 
cutanea are thermoregulatory structures respectively located in the 
Suboccipital and coccygeal regions and in the skin, resembling but 
unrelated to paraganglia. Lobules of fetal fat may at times appear 
reminiscent of paraganglia. All of these structures can be readily 
distinguished from paraganglia by their absence of staining for CgA, 
TH, or other neuroendocrine markers. Reports of paraganglia in 
anomalous locations (4) are also now amenable to 
immunohistochemical verification. Prostatic paraganglia may be 
misinterpreted as prostatic adenocarcinoma (141), bladder 
paraganglia may be confused with transitional cell carcinoma (142), 
and retroperitoneal paraganglia may be confused with metastatic 
clear cell carcinoma (143). The presence of mitoses, cytologic atypia, 
glandular or squamous differentiation, or stromal reaction point 
toward a diagnosis of tumor, and questionable cases can be readily 
resolved by immunohistochemistry. 


More problematic are cases in which paraganglia or paragangliomas 
must be distinguished from other normal or neoplastic 
neuroendocrine tissues that express many of the same markers. 
Knowledge of the distribution and morphology of paraganglia is 
essential in these cases. In addition, the presence of tyrosine 
hydroxylase in paragangliomas or of other site-suggestive markers in 
other types of tumors, for example calcitonin in medullary thyroid 
carcinoma, may be helpful. Tumors showing glandular or squamous 
differentiation are almost certainly not paraganglionic. 


In the adrenal gland, developmental neuroblastic nests (see 
a€ceEmbryologic Changesa€* ) must be distinguished from in situ 
neuroblastoma (42,43). Cortical invasion, mitoses, and necrosis are 
all characteristic of normal cells in this instance. Ikeda et al. (40) 
reported that the nuclei of normal adrenal medullary progenitors are 
smaller on average than those of neuroblastoma cells, and this might 
prove to be diagnostically useful. In view of the large potential effect 


of fixation on nuclear size, however, the problem is more likely to be 
resolved using molecular techniques (144). 


Specimen Handling 


For most purposes, normal and pathologic paraganglionic tissue may 
be evaluated histologically and immunohistochemically after routine 
formalin fixation and paraffin embedding (see a€oeSpecial 
Proceduresa€e ). In the age of heat-based antigen retrieval, under- 
fixation may create as many artefacts as the traditional problem of 
over-fixation. However, some antigens are still irretrievably damaged 
by excessive fixation. Fixation of thin tissue slices overnight is 
usually adequate. Electron microscopy, when necessary, is optimally 
performed after glutaraldehyde fixation and osmium postfixation (see 
a€ceUltrastructurea€* ). Catecholamines may be demonstrated in 
touch preparations or frozen sections using glyoxylic acida€“induced 
fluorescence (see a€ceSpecial Proceduresd€e ). 


For biochemical analysis, catecholamines may be preserved by 
freezing small minced tissue fragments or tissue homogenates at 
a€"“70A°C in 0.4 mol/L perchloric acid in 1 mmol/L ethylene diamine 
tetra-acetic acid (145). Peptide hormones may be preserved by 
freezing in 1.0 mol/L acetic acid. 


With burgeoning interest in molecular studies of paraganglia, it is 
increasingly necessary to preserve DNA, RNA, and protein samples. 
Tissue handling is particularly critical for RNA and protein 
preservation, and the traditional approach is rapid freezing and 
storage in liquid nitrogen. However, a number of solutions that are 
now commercially available provide comparable or superior 
preservation of both nucleic acids and protein for at least several 
weeks at room temperature for convenient handling and shipping. 
This approach may facilitate standardization of noncentralized 
specimen collection (146,147). 
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